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Abstract
The continuous increase of anthropogenic greenhouse gas emissions since the industrialization in
the 18th century is a serious problem regarding the climate change. In order to reduce CO2 emis-
sions, approaches for the improvement of power generation efficiency and the implementation of
CO2 capture at point sources followed by subsurface CO2 storage are being pursued. Predomi-
nantly geological formations are regarded as potential CO2 storage sites, but coal mines are also
being discussed regarding their applicability for CO2 storage. In mining regions world-wide,
ground subsidence originating from extensive mining is a serious problem resulting in damage
which greatly increases the costs of raw material production. Within the scope of this thesis
an approach for sorptive CO2 storage in coal mines was developed. By using mining wastes for
CO2 immobilization and stowage of mining cavities, this technology combines CO2 storage with
subsidence mitigation. A series of laboratory experiments on different mining wastes was con-
ducted to determine their subsidence mitigation and CO2 storage potentials. Furthermore, CO2
storage security in gob areas was investigated by application of adapted numerical multi-phase
and multi-component flow and transport models.
Kurzfassung
Der kontinuierliche Anstieg der anthropogenen Treibhausgasemissionen seit der Industrialisierung
im 18. Jahrhundert stellt ein wesentliches Problem im Hinblick auf den Klimawandel dar. Zur
Reduktion der CO2-Emissionen werden Ansa¨tze zur Wirkungsgradsteigerung von Energieerzeu-
gungsprozessen sowie zur CO2-Abscheidung an Punktquellen und der anschließenden unterta¨gi-
gen Speicherung verfolgt. Geologische Formationen werden hierzu u¨berwiegend als potentielle
CO2-Speichersta¨tten in Betracht gezogen, wobei auch Bergwerke in Hinsicht auf ihre Eignung zur
CO2-Speicherung diskutiert werden. Durch die Steinkohlengewinnung verursachte Bergscha¨den
stellen ein weiteres Problem dar und fu¨hren zu einer Steigerung der Abbaukosten. Im Rahmen
dieser Dissertation wurde ein Ansatz zur sorptiven CO2-Speicherung in Bergwerken entwickelt.
Die Nutzung von Ru¨cksta¨nden aus der Steinkohlenaufbereitung zur Immobilisierung von CO2
und zum Versatz von Bruchhohlra¨umen kombiniert hierbei die unterta¨gige CO2-Speicherung
mit der Bergschadenvermeidung. Experimentelle Untersuchungen an den Ru¨cksta¨nden wurden
durchgefu¨hrt, um die Potentiale zur Bergschadenminderung und CO2-Speicherung zu ermitteln.
Des Weiteren wurde die CO2-Speichersicherheit mit Hilfe von speziell adaptierten numerischen
Multi-Phasen und Multi-Komponenten Fluss- und Transportmodellen untersucht.
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1 Introduction
The reduction of anthropogenic greenhouse gas emissions has become a crucial focus of envi-
ronmental research and political discussion within the last two decades. Energy production by
combustion of fossil fuels contributes a major amount of CO2 emitted into the atmosphere. Cur-
rently, several approaches for CO2 reduction are being discussed. Since short-term alternatives
for the replacement of power generation from fossil fuels and hydrocarbons are not yet available,
so-called Clean Coal Technologies (CCT) are being developed in order to increase power plant
efficiency and decrease CO2 emissions. A mainstay of these technologies is CO2 capture at power
plants and its storage in geological formations, such as saline aquifers and depleted gas or oil
fields. Furthermore, CO2 storage in coal mines has been investigated for several years.
1.1 Problem Description
In addition to global warming related to the emissions of anthropogenic greenhouse gases, ground
subsidence has become a serious problem in densely populated mining regions world-wide. The
excavation of coal and surrounding rocks by extensive mining operations produces a large amount
of underground cavities. Since most overburden formations contain clayey components and
therewith possess a high elasticity, a slowly proceeding ground subsidence can be observed at the
surface above these cavities. If the overburden mainly consists of brittle sandstone formations,
spontaneous collapse of the roof may occur. The latter effect was observed in the German
Saar mining district in the beginning of 2008, when a roof collapse induced a magnitude 4
earthquake according to the Richter scale that damaged about 1000 housings in the vicinity of
Saarwellingen/Saarlouis.
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1.1.1 Anthropogenic Greenhouse Gas Emissions
According to IPCC (2005) the stability of global climate is considerably affected by the so-called
greenhouse gases which mainly comprise water vapor (H2Og), carbon dioxide (CO2), methane
(CH4) and laughing gas (N2O). Accumulations of these gases are permeable for short wave
thermal radiation as emitted by the sun, but impermeable for long wave radiation that has
its origin in the absorption and reflection of short wave radiation by the earth surface. The
increase of greenhouse gas concentration in the atmosphere therefore increases the amount of
absorbed thermal long wave radiation and thereby affects global warming. While the impact
of global warming still is a controversial issue on a political and scientific level, recent scientific
results indicate that in 2006 the consumption of fossil fuels and hydrocarbons resulted in the
emission of about 36.3 Gt CO2 into the atmosphere (Canadella et al., 2007). Carbon dioxide
has the highest impact on the greenhouse effect compared to other anthropogenic gas emissions.
Its concentration increase in the atmosphere from 315 ppm in the 1960s to around 380 ppm in
2005 (equal to 17.1 %) documented by Keeling and Whorf (2005) is due to industrialization in
developing countries and the world-wide increase in energy consumption.
Different scenarios predict a global temperature increase by 1 to 6 ◦C for the year 2100 (IPCC,
2005). While these scenarios rely on climate models which can not be verified yet, the recently
observable sea level rise and the world-wide extreme weather events are determined as major ef-
fects of greenhouse gas emissions. Therefore, several approaches are being developed and applied
to reduce world-wide CO2 emissions. The most promising approach considering current polit-
ical and technological restrictions is the reduction of energy consumption through an increase
of technical efficiency (power plant efficiency, reduction of heat emissions by proper isolation of
housings, etc.). A second approach is the substitution of energy production technologies relying
on fossil fuels by technologies which are nearly neutral considering their CO2 emissions (energy
production from biomass, wind and solar power). Thirdly, the so-called Clean Coal Technologies
(CCT) came into focus in terms of CO2 emission reduction by the increase of production effi-
ciency and concurrent CO2 removal from flue-gas or combustion air (post- and pre-combustion
CO2 capture). Geological formations exhibiting high permeabilities and porosities are taken into
consideration as CO2 storage reservoirs. To be suited for this function, the overburden of these
formations is required to provide a sufficient sealing integrity against CO2 migration to the sur-
face. Therefore, several CO2 storage projects are being conducted to investigate the impacts of
CO2 injection into different underground storage formations as discussed in Chapter 2.1 (State
of the Art).
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Coal mines have come into focus regarding their application as CO2 storage reservoirs in mining
regions, due to their prevailing proximity to CO2 emitting point sources (power plants). There-
fore, abandoned coal mines could experience a productive future use also involving a reduction
of CO2 transport costs. But compared to saline aquifers, the overburden of a heavily mined
Carboniferous is generally disturbed by fractures resulting from ground subsidence. These dis-
turbances could adversely affect CO2 storage security in terms of its upward migration to the
surface.
1.1.2 Ground Subsidence
Underground coal mining causes expensive subsidence damage world-wide. The introduction of
longwall mining in the 19th century exacerbated this problem, especially in the German Ruhr
district. In northern Germany the coal strata dip from south to north and are being exploited by
mining following the dip. Thereby as mining progressed, the mining depth increased from near
surface in the 18th century to a depth of 1500 m. Nevertheless, cumulative subsidence is still a
serious problem in many mining regions. Even now, there are mining operations located beneath
densely settled areas (e.g. about 5.3 million people in the German Ruhr district), causing costs
for stabilization and reconstruction of workings. Bell et al. (2000) predicted a void volume of
9 km3 and a subsidence volume of 4 to 7.2 km3 by reverse calculation of the mined coal volume
for the 4435 km2 large Ruhr district. This enormous subsidence volume leads to local subsidence
maxima of up to 30 m.
The application of different stowage techniques such as backfilling was quite common in German
mining before the introduction of longwall mining. Backfills were mainly conducted for reasons
of production efficiency and stability, but also to control subsidence. In the middle of the
19th century stowing was only applied locally, as the mining operations went deeper and the
damage became acceptable due to the reverse depth to settlement ratio. Since economical
decisions involved the disposal of combustion residues in mining generated cavities, the German
mining research developed new stowage techniques using these residues and wastes from coal
processing in the late 1980s. Due to economic considerations at that time, these techniques have
not been implemented as a standard procedure for mining operations. Meanwhile, the specific
costs of subsidence damage significantly exceed the former estimated costs, because analyses
due to the scheduled phasing out of German hard coal mining in 2018 revealed the previously
neglected long-term costs. These include expenses for continuous groundwater control and river
channeling, which is necessary to correct the drainage destroyed by subsidence.
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Mining wastes from coal processing are commonly dead rock, clay, fine dispersed coal and
residues from the flotation process. In Germany even very fine grained coal particles (grain sizes
below 1 mm) are processed and mixed with the coarser grained coal products. The disposed fine
grained mining wastes still contain a relevant amount of up to 18 % of organic matter (Kempka
et al., 2006b). In South Africa (RSA) and the United States of America (USA) materials with
grain sizes below 1 mm are generally disposed due to coal processing economics. Therefore, the
amount of organic matter in these wastes is substantially higher. The common disposal of these
fine grained mining wastes on aboveground waste heaps involves geotechnical, hydrological and
environmental problems. A safe disposal is desirable from an environmental and economic point
of view. Therefore, Nienhaus (1997) investigated different reuse alternatives for these wastes
such as the use as barrier material in landfill engineering. Additionally, carbon and clay content
of the mining wastes have a major impact on the CO2 sorption potential of these materials.
Thus, these wastes were examined considering their CO2 storage capacities.
1.2 Objectives
Since the reduction of anthropogenic CO2 emissions has become materially important for a sus-
tainable world climate, a combination of stowage of wastes from coal processing and CO2 storage
is a viable option. The CO2 sorption capacities of the examined mining wastes are relatively
high in comparison to compact coal. This behavior results from the significant concentration of
organic carbon, the extensive accessible specific surface and the highly porous character of the
mining waste materials. Furthermore, Gauer et al. (2004) and Busch et al. (2007a) described
the high sorption capacities of clays and marls, which are known to be relevant constituents
of mining wastes. The combination of stowage techniques using mining wastes with geological
CO2 storage offers an economic long-term approach for the reduction of mining subsidence. The
shutdown of mine water management after the abandonment of a coal mine initiates the sub-
sequent flooding and therefore increases hydrostatic pressure at the storage site. This induces
a strengthening of the pressure dependent van der Waals linkage between the CO2 molecules
and the mining wastes’ constituents. Therefore, the main objective within this work was the
implementation of CO2 storage technologies involving sorptive linkage to mining wastes and
their subsequent injection into coal mines. Furthermore, the CO2 storage potentials and stor-
age security regarding the developed technologies had to be taken into account by numerical
simulations to predict CO2 migration within the coal mine and to the surface.
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1.3 Structure and Methodology
A short summary of geological CO2 storage mechanisms and an overview of the most relevant
projects world-wide related to geological CO2 storage is presented in Chapter 2 (Geological
Carbon Dioxide Storage). This is followed by an introduction of the developed stowage tech-
nologies for CO2 and mining wastes, which consist of three different approaches with respect to
the applied mining techniques (pillar or longwall mining) as well as the flooding and abandon-
ment state of the coal mine selected for storage. Furthermore, the uncertainties and risks of the
implemented technologies are taken into account by a discussion of potential countermeasures
against CO2 outgassing from the storage areas.
Chapter 3 (Laboratory Experiments) covers the discussion of the experimental activities carried
out to characterize the sampled mining waste materials by their geotechnical, mineralogical and
petrological properties. CO2 sorption experiments were conducted on these wastes to deter-
mine their CO2 storage capacities. Furthermore, oedometer tests were applied to investigate the
settlement behavior of the mining wastes under overburden pressures of up to 27 MPa. Consid-
ering the evaluation of CO2 storage security, material properties such as absolute permeability,
stress dependent porosity and the parameters required for characterization of water saturation
- relative gas and water permeability relationships were determined in order to parametrize the
numerical models.
The CO2 storage security of the developed stowage technologies is investigated in Chapter 4
(Numerical Simulations) using numerical multi-phase multi-component models. The first model
describes CO2 outgassing from the stowed gob area into the longwall face. Additionally, an
analytical model was implemented to calculate the temporal development of CO2 concentration
in the longwall subsequent to the injection of the CO2 mining wastes suspension. A second
model was applied to investigate CO2 migration through the hanging wall in order to determine
the arrival of the upward migrating CO2 front at certain depths in time and space. Both models
were extended by the implementation of the Langmuir (1918) equation to sufficiently represent
CO2 adsorption on mining wastes and bedrocks.
Finally, a summary of research activities conducted within the scope of this work is given
in Chapter 5 (Summary and Conclusions) followed by a discussion of further investigations
necessary for large-scale implementation of the introduced technologies.
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The success and efficiency of carbon dioxide storage in geological media mainly depend on the
occurrence of the four most relevant trapping mechanisms listed in ascending order of their effect
on long-term storage security (IPCC, 2005):
• Structural and Stratigraphic Trapping results from low permeability of an overlying
geological formation (caprock) that prevents migration of CO2 to the surface. This mech-
anism is also known as hydrodynamical trapping and its functionality is mainly dependent
on the integrity of the caprock.
• Residual Trapping involves the establishment of a residual CO2 saturation in a geological
storage formation by adhesive forces preventing lateral and upward CO2 migration.
• Solubility Trapping is related to CO2 dissolution in brine, which increases the water’s
density and therefore prevents the upward movement of a CO2 plume.
• Mineral Trapping refers to the reaction of CO2 with components of the geological storage
formation and induces the establishment of new minerals and thereby the permanent CO2
fixation in the storage formation.
Different approaches are investigated in various conceptual and pilot studies considering CO2
injection into deep saline aquifers, sand stones, natural gas reservoirs and also unmineable coal
seams and abandoned coal mines. Regarding the last option studies conducted by Piessens and
Dusar (2002, 2003) line out that caprock integrity above coal mines is a crucial aspect for long-
term CO2 storage security. Fractures and cracks resulting from ground subsidence above mined
coal seams are potential pathways for CO2 migration either directly to the surface or into drifts
and shafts connected with the surface.
A new approach presented in this thesis is the utilization of a CO2 trapping mechanism deter-
mined by sorptive linkage of CO2 to the carbonaceous and clayey components of mining wastes.
The adsorption of CO2 to mining wastes secures its immobilization as long as pressure is not de-
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creased and temperature not increased. The latter depends on the geothermal gradient (around
3 ◦C/100 m depth) and may be assumed as a constant of 45 ◦C at a storage depth of 1000 m.
A decrease of pressure within the storage area would result in CO2 desorption from the mining
wastes and subsequently lead to CO2 outgassing. However, hydrostatic pressure resulting from
mine flooding after the shutdown of mine water management ensures constant pressures at the
storage depth subsequent to mine abandonment.
2.1 State of the Art
CO2 injections into geological media are often used industrially to increase the productivity of oil
and gas deposits by stabilizing reservoir pressure. These techniques are generally addressed as
Enhanced Oil Recovery (EOR) or Enhanced Gas Recovery (EGR). Furthermore, the Enhanced
Coal Bed Methane (ECBM) technique is generally applied to increase seam gas (CH4) production
in coal deposits by replacing coal bed methane with CO2. The following list shows the most
relevant CO2 storage projects related to the increase of hydrocarbon and fossil fuel production
(IPCC, 2005):
• Weyburn (Canada): EOR-project started in 2000 involving a CO2 injection rate be-
tween 1.1 and 1.8 Mt CO2/year and a planned storage amount of 20 Mt CO2,
• In Salah (Algeria): EGR-project operating since 2004 at a CO2 injection rate of around
1.2 Mt CO2/year and a scheduled storage amount of 17 Mt CO2,
• K12B (The Netherlands): EGR-project started in 2004 involving an injection rate of
0.4 Mt CO2/year and a planned storage amount of 8 Mt CO2,
• Fenn Big Valley (Canada): ECBM field test involving an injection rate of around
30 t CO2/day started in 1998 with a total planned storage amount of 200 t CO2,
• Qinshui Basin (China): ECBM large-scale test started in 2003 with a CO2 injection
rate of 30 tonnes and a planned storage amount of 150 t CO2,
• Yubari (Japan): ECBM field test that began in 2004 with an injection rate of 10 t CO2/day
and a scheduled total storage amount of 200 t CO2 and
• Recopol (Poland): ECBM large-scale test conducted between 2003 and 2005 with an
injection rate of 1 t CO2/day and a total storage amount of 10 t.
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Furthermore, various field tests are being conducted with regard to CO2 storage in saline
aquifers, gas reservoirs and highly porous and permeable geological formations (e.g. sand stones).
The most relevant CO2 storage projects are the following (IPCC, 2005; IEA, 2008):
• Sleipner (Norway): This project involves CO2 injection into a saline aquifer located
below an oil reservoir. Since 1996 around 1 Mt CO2/year are injected with a planned total
amount of about 20 Mt CO2.
• Frio (USA): About 1,600 tonnes of CO2 are scheduled for injection into a saline aquifer
at a daily rate of around 180 t CO2 since 2004.
• Snohvit (Norway): The Snohvit gas field is located in the Barents Sea and is one of
the central nodes for liquid gas export into the USA. The gas extraction is supported by
CO2 reinjection into the storage formation involving a thickness of 45 to 75 m. A yearly
reinjection of around 0.7 Mt CO2 started in 2005 and is scheduled to end in 2035.
• Ketzin (Germany): Ketzin is a former saline aquifer applied for natural gas storage and
is situated around 25 km west of Berlin. The sandstone formation is located at a depth of
500 to 600 m involving a maximum thickness of 80 m. About 30,000 t CO2 per year are
scheduled for injection into this reservoir between 2008 and 2011. Different monitoring
techniques regarding the behavior of the injected CO2 are investigated at this storage site.
• Altmark (Germany): The injection of about 100,000 t CO2 into a former gas field
located near Salzwedel is scheduled for the time span between 2008 and 2011. In total
the Altmark gas field provides a storage capacity of about 508 Mt CO2. Within the first
operation phase pressurized CO2 will be retrieved via trucks from the Vattenfall pilot
power and CO2 capture plant at Schwarze Pumpe located around 30 km in the south of
Cottbus.
Since research activities considering CO2 injection and its long-term geological storage represent
a relatively new scientific discipline, basic investigations are currently conducted as described
by Kempka et al. (2008a). These activities concentrate on topics such as:
• mineral alteration which results from chemical reactions between CO2 and the rocks of
the storage formations,
• well bore integrity and testing of backfill materials,
• transport and flow processes considering CO2 in saline aquifers involving a coupling with
9
2 Geological Storage of Carbon Dioxide
chemical processes,
• experimental development of state equations regarding processes occurring in CO2 and
brine and CO2 and methane mixtures and
• determination of the influence of CO2 sorption on coal swelling.
However, long-term experience regarding geological CO2 storage is not available at this time.
Therefore, CO2 storage mechanisms and security are the research topics of main scientific and
political interest.
Considering CO2 storage in residual coal seams, CO2 injection generally failed due to low seam
permeabilities and therefore low injection rates. The Recopol project demonstrated that pres-
sures above 20 MPa were required to establish the necessary flow paths and permeabilities for
CO2 injection (Pagnier et al., 2004; van Bergen et al., 2006). In contrast to deep coal seams the
worked Carboniferous provides increased flow paths induced by mining subsidence and therefore
has been investigated within the last years considering CO2 storage in coal seams and abandoned
coal mines.
2.2 Carbon Dioxide Storage in Coal Mines
The basic concept of CO2 storage in coal mines developed within the scope of this thesis relies
on the immobilization of CO2 by sorptive linkage to residues from hard coal processing which
are subsequently injected into gob areas and cavities of coal mines. These residues are waste
materials accruing during wet treatment (flotation process) of coal particles with grain sizes
below 1 mm and offer a high content of organic matter, a high specific surface due to their low
grain sizes and therewith a high sorptive CO2 storage capacity.
The presented storage concept for CO2 and mining wastes offers a synergetic approach for
the mitigation of mining subsidence and mining induced earthquakes as well as an alternative
option for the unfavorable disposal of mining wastes on aboveground waste heaps. In contrast
to CO2 storage mechanisms based only on the physical trapping of a free CO2 gas phase by
an impermeable layer, the storage concept involving CO2 sorption is mainly determined by the
pressure conditions at the underground storage site. Therefore, a potential leakage path in the
bedrock has to lead to a decrease of the pressure at the storage site, before CO2 begins to desorb
from the mining wastes and migrates to the surface. Such a pressure decrease at the level of
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the storage site is prevented by the increase of hydrostatic pressure induced by the shutdown of
mine water management and the successive flooding of the mine shafts and drifts within 5 to 8
years (typical flooding time lapse in the German Ruhr district). CO2 sorption capacity slightly
decreases with increasing temperature (Humayun and Tomasko, 2000). This aspect is taken
into account by keeping the temperature during adsorption and transport constant at storage
conditions. An increase in temperature during the transport to the storage site is compensated
by increasing hydrostatic pressure in the pipe (up to 16 MPa). The temperature at the storage
site is determined by the geothermal gradient and assumed as constant.
Different scenarios for sorptive storage of CO2 on mining wastes have to be taken into account
depending on the applied coal mining technique and the degree of mine flooding. Hydraulic
stowage during longwall mining operations and the injection of a CO2 mining wastes suspen-
sion into flooded coal mines requires the implementation of underground storage in two steps.
First, a mining wastes suspension with a water content of 30 % by volume is established in an
aboveground sorption reactor (Fig. 2.1). Subsequently, flue gas (CO2 and N2 mixture) from coal
power plants or other CO2 point sources is injected into the sorption reactor at pressures up to
1.0 MPa and a temperature of 45 ◦C.
Figure 2.1: Principle of CO2 storage in coal mines by adsorptive linkage to mining wastes
The injection of flue gas under the aforementioned pressure and temperature conditions leads
to a preferred adsorption of the CO2 phase on the mining wastes. These sorption characteristics
were measured on Argonne Premium Coals by Busch et al. (2007b) and can be transferred to
sorption on mining wastes which consist of up to 20 % of coal particles. Therefore, most of
the injected N2 remains in the gas phase and may be released through a lock in the reactor.
A constant recirculation in the reactor improves the sorption process by exposure of potential
CO2 sorption locations. Furthermore, it reduces the diffusive transport paths within the water
phase and avoids sedimentation of solids in the suspension. If pneumatic stowage is applicable
during room and pillar mining operations, the mine cavities act as sorption reactor after their
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sealing (c. Section 2.3.2).
Considering the stowage technique, the mining method and the state of mine flooding, three
different pressure fields are defined by Kempka et al. (2006b). Fig. 2.2 shows the sorption
isotherm measured at a temperature of 45 ◦C for mining wastes sampled at a processing plant
in the mining district Ibbenbu¨ren/Germany and the three selected pressure ranges for the CO2
storage concept. The enrichment of the mining wastes suspension with CO2 and the injection
into the gob areas takes place within the low and medium pressure range. The pressure during
the CO2 storage process depends on the flooding state of the mine and the depth of its workings.
Therefore, it takes place in the medium or high pressure range affected by the hydrostatic
pressure conditions in the mine. Therewith, the implementation of the large-scale sorption
process proceeds with a high energy efficiency, since nearly 50 % of the maximum sorption
capacity can be achieved at only 6 % of the equivalent pressure (Fig. 2.2). Additionally, the
redundancy of CO2 capture at the CO2 point source leads to an increase of power generation
efficiency up to 9 % and therewith to a notable cost reduction (IPCC, 2005).
Figure 2.2: Selected pressure ranges for CO2 sorption, injection and storage
After the sorption process in the reactor, the CO2 mining wastes suspension is transported to
the stowage area using pipelines. Field tests conducted by Maurer and Sill (1989), Siepmann and
Sill (1991) and Sill et al. (1991) show that this kind of suspension is hydraulically transportable
and does not dehumidify in the pipes. Because of the insignificant sedimentation processes of
the suspension, it may be stored in pipelines and reservoirs with recirculation units during long
periods without the risk of plugging. A precise adjustment of the suspensions water content is
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the main requirement to ensure an adequate viscosity and to prevent leakage of excessive water
from the stowed gob area. Both conditions are met at a water content of 30 % by volume which
equals 42 % by weight (Maurer and Sill, 1989).
2.3 Sorptive Carbon Dioxide Storage by Linkage to Mining Wastes
Regarding the currently applied mining techniques and flooding state after mine abandonment,
different stowage techniques involving sorptive CO2 storage were developed by Kempka et al.
(2006b) based on technologies from the German mining industry. Most of these stowage tech-
niques were applied for several decades and finally shut down due to inadequate cost-efficiency
and political reasons. The combination of these proven techniques with sorptive CO2 storage
could offer new perspectives for subsidence mitigation.
2.3.1 Simultaneous Injection of CO2 and Mining Wastes
The CO2 mining wastes suspension is directly injected from the sorption reactor into the gob area
using high-pressure pipelines. Its transport through the pipelines proceeds with a static pressure
(around 16 MPa at a depth of 1000 m). Thus, the suspension can be transported in the plain
up to 3 km from the shaft. If the distance between shaft and workings is higher, intermediate
pumping stations have to be installed (Maurer and Sill, 1989). The pressure conditions during
the suspension transport exceed those of CO2 adsorption, which results in a strengthening of the
van der Waals linkage between the CO2 molecules and the carbonaceous and clayey components
of the mining wastes. This prevents CO2 desorption and its ascension within the pipeline.
The injection and stowage technique developed by Kempka et al. (2006a,b) and Busch et al.
(2007c) proceeds as illustrated in Figs. 2.3 and 2.4. A pumping station at the top road is
used to transport the CO2 mining wastes suspension through a pipeline that is installed at the
longwall conveyor. From here, drag pipes that end up to 25 m in the gob area behind the
longwall are fed with the suspension (c. Fig. 2.4). The drag pipes proceed in the direction of
mining on the foot wall of the working with the shield movement.
Junker et al. (2006) showed that the overburden pressure on the former seam face increases
in the area of the upraise and the longwall front after the start of the longwall working. It
is negligible in the mined part of the coal seam at 15 to 25 m behind the roof support shield
(Fig. 2.5). Maurer and Sill (1989) defined this area as loose bedrock which has a low compaction
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Figure 2.3: Schematic view of the Simultaneous Injection of CO2 and Mining Wastes
Figure 2.4: Side-face view of the Simultaneous Injection of CO2 and Mining Wastes
from the load of the hanging wall.
The roof pressure above the seam face behind the upraise is definitely below the pressure oc-
curring if no stowage is involved (c. Fig. 2.5). The pressure on the residual coal seam and the
roadside pack increases after the beginning of the excavation and the mined coal seam (gob area)
is re-stressed at a pressure below the overburden pressure p0 (Yavuz, 2003; Junker et al., 2006).
The injection of the CO2 mining wastes suspension into this area proceeds via drag pipes at
around 1.0 MPa, the suspension is instantly compacted by the injection pressure and the load
of the hanging wall.
The bearing strength of the bedrock framework may be drastically increased by stowing of the
cavities with a suspension of fine-grained materials. Field experiments during German mining
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research showed that the stowed areas were strong and only accessible by classic driving (drilling
and blasting). The strength of the stowed gob area was comparable to the residual bedrock.
After its injection into the gob area, the viscous suspension is sloped by the framework of the
bedrock and solidifies by the release of excess water needed for its transport into the surrounding
rock. The estimated distribution of roof pressure is plotted in Fig. 2.6. During the hardening
of the CO2 mining wastes suspension in the zone re-stressed by the overburden pressure p0 its
bearing strength increases by compaction resulting in a bearing support for the road side pack
and adjacent pillars. The roof pressure curve starts to develop progressively above the partially
hardened stowage and has a peak above the already hardened material.
overburden
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road side pack
longwall face upraise
coal seam
roof
pressure
area of negligible
overburden pressure
coal seam
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direction
Figure 2.5: Distribution of overburden and roof pressure during longwall mining before stowage from
Kempka et al. (2008b)
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Figure 2.6: Distribution of overburden and roof pressure during longwall mining after stowage from
Kempka et al. (2008b)
The stowed gob area is pressurized by the hanging wall with the longwall progression up to
25 MPa at a depth of 1000 m (Junker et al., 2006) and the material injected into the bedrock
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framework is additionally compressed. Examinations of different suspension setups considering
their compression strength conducted by Maurer and Sill (1989) show volume changes between
6 and 37 % of loosely headed up mining wastes depending on their grain distribution and
aggregates (ashes from combustion processes). Therefore, an early stowage effect can be achieved
by the injection of an adequately composed suspension into the re-stressed part of the gob area.
A roadside pack is set up at the borders of the working as illustrated in Fig. 2.4 to reduce CO2
emissions into adjacent top and conveyor roads and other workings. The roadside pack is made
gas-tight at the longwall area after completion of the working. The mining waste materials
provide an additional sealing effect after their injection due to the reduction of the free pore
volume resulting from the compaction.
2.3.2 Pre- and Post-Flooding CO2 and Mining Wastes Injection
The room and pillar mining method is applied at 10 % of the world-wide underground mining
operations (Junker et al., 2006). For CO2 storage in cavities created by this mining technique
two methods are considered feasible, depending on the degree of mine flooding. The Pre-Flooding
Injection of CO2 and Mining Wastes technique (Kempka et al., 2006a,b) can be realized by the
installation of a drain pipe infrastructure into mined rooms followed by pneumatic injection of
mining wastes. Subsequently, a high-pressure barrage (up to 30 MPa) is installed to seal the
storage area and pure CO2 is injected via the drain pipes at medium pressure into the drifts
(c. Figure 2.7). The CO2 spreads through the stowage material and adsorbs on the mining
wastes and the leftover residual coal (pillars). Furthermore, CO2 is also adsorbed on the clayey
bedrock (Busch et al., 2007a). Additionally, barrier systems can be applied to seal the stowage
areas depending on CO2 injection pressure. After the shutdown of the mine water management,
hydrostatic pressure ensures constant pressure conditions, which contribute to CO2 storage
security (Kempka et al., 2008b).
If the mine is in the state of flooding or already flooded, the Post-Flooding Injection of CO2 and
Mining Wastes can be applied (Kempka et al., 2006a,b). It implies the establishment of a CO2
mining wastes suspension in a sorption reactor at the surface at high pressure (c. Fig. 2.2), and
its subsequent injection into drifts and mined cavities of a flooded or flooding mine. The injection
of the suspension starts when hydrostatic pressure is equal to or higher than the selected storage
pressure. Potential leakage paths (e.g. open mine shafts) from other workings should be sealed
by proper packing systems.
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Figure 2.7: Schematic view of Pre-Flooding CO2 and Mining Wastes Injection in cavities resulting from
pillar mining operations
The maximum achievable excavation depth of 500 m during room and pillar mining operations
constrains its application in underground mining to near-surface deposits. However, longwall
mining can be applied to depths up to 1500 m (which equals the currently deepest longwall
working in the German Saar district) and is more efficient regarding deposit excavation (Junker
et al., 2006). Modern coal mining in Europe has been determined by longwall mining since
the 1960s and therefore the CO2 storage technique discussed in Section 2.3.1 was investigated
regarding its CO2 storage security using numerical simulations as described in Chapter 4 (Nu-
merical Simulations). The CO2 storage security within cavities created by room and pillar
mining operations can be investigated by application of approaches similar to those developed
within the scope of this study.
2.4 Discussion
Using worked coal seams and coal mines as CO2 deposits could provide additional CO2 storage
potentials to those in saline aquifers and depleted gas or oil fields. Generally, coal fired power
plants were set up near coal processing plants and coal mines to reduce costs for the coal
transport infrastructure. This aspect is relevant regarding the transport of CO2 from power
plants and mining wastes from processing plants to coal mines, where an aboveground sorption
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reactor can be used to establish a CO2 mining wastes suspension. CO2 storage potentials and
uncertainties of the technology presented for application during longwall mining operations are
discussed within the following sections.
2.4.1 CO2 Storage Potentials
An estimation of the CO2 storage potential has been performed by Busch et al. (2007b) con-
sidering the utilization of the Simultaneous Injection of CO2 and Mining Wastes technique in
Germany for the year 2004 (c. Tab. 2.1). Longwall mining has been chosen for this exemplified
calculation, because it is the most wide-spread mining technique used in hard coal sub-surface
mining with nearly 90 % world-wide. The calculation is based on specific information on mining
obtained from the German mining industry and mining research (Deutsche Steinkohle AG, DMT
GmbH, pers. comm.), as well as experimental results.
About 60 Mt of hard coal (run-of-mine production, including wastes) were mined in Germany
in 2004. By estimation of the average density of the mined material, the total mined volume
amounts to more than 36 Mm3 per year. During longwall mining the hanging wall generally
collapses into the gob area. The usable volume for stowage of mining wastes during longwall
mining is known from various research projects conducted by the German mining industry and
mining research in the late 1980s. These demonstrate that stowage using mining wastes is
applicable in gob areas and that about 70 % of their initial volume can be used for hydraulic
stowage (Maurer and Sill, 1989; Ja¨ger et al., 1990). The CO2 storage potential of this technique
mainly depends on the amount of mining wastes that can be injected into the gob area and their
sorptive storage capacity. Furthermore, the sorption capacity of the collapsed surrounding rocks
was taken into account by the involvement of measurement series on Muderong shales (Australia,
sampled at a depth of about 1400 m) conducted by Busch et al. (2007a). The Muderong shale
provides CO2 sorption characteristics similar to those of the bedrock in the German Ruhr mining
district (c. Tab. 2.1).
A total storage potential of at least 0.38 Mt/year could be achieved by employing the Simul-
taneous Injection of CO2 and Mining Wastes during longwall workings in German coal mines
(c. Tab. 2.1). This calculation scheme can be applied to any mining region world-wide based on
mine specific information and characteristic regional properties of mining wastes and bedrock.
With regard to world-wide coal processing techniques, the CO2 adsorption capacities of German
mining wastes have to be considered as low in comparison to those of other countries with
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Table 2.1: Estimation of CO2 storage potentials for the application of the Simultaneous Injection of
CO2 and Mining Wastes in Germany (2004) from Busch et al. (2007b)
Parameters Value Origin
Mining data for Germany in 2004
Mined materials (coal including mine wastes) 60 Mt/a DSK 2005 (pers. comm.)
Average density of mined materials 1.65 g/cm3 estimated
Volume of mined materials (coal including mine waste) 36.4 Mm3/a calculated
Accessible volume fraction of the gob area 71 % (Maurer and Sill, 1989)
Parameters of mining waste (Ibbenbu¨ren, Germany)
CO2 adsorption capacity at 0.5 MPa 20.8 kg/m3 (Kempka et al., 2006a,b)
Particle density 1.465 g/cm3 (Kempka et al., 2006a,b)
Parameters of bedrock (Muderong shale, Australia)
CO2 adsorption capacity at 0.5 MPa 4.9 kg/m3 (Busch et al., 2007a)
Particle density 2.7 g/cm3 (Busch et al., 2007a)
CO2 storage potential 0.38 Mt/a calculated
active hard coal mining. For example, mined material with grain sizes below 1 mm is not
processed but treated as wastes in the USA and RSA. Therefore, these wastes provide a higher
organic matter content and therewith a higher CO2 adsorption capacity compared to the German
mining wastes. The economical aspects of CO2 emission regulations and the necessity of mining
subsidence reduction are decisive with respect to the further research and application of stowage
techniques in active and abandoned coal mines. Furthermore, large-scale field tests in longwall
working panels and mined cavities of room and pillar mining operations are necessary to quantify
the reduction of subsidence, the establishment of CO2 mining wastes suspension and transport
as well as its injection into the gob area with regard to the self-sealing effect of the low-permeable
mining wastes.
Since costs of subsidence damage induced by mining have increased with development of longwall
panels in the world-wide mining districts, the presented technology for subsidence mitigation is
economically feasible, especially when a combined technique for stowage, mining waste disposal
and CO2 storage is employed.
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2.4.2 Uncertainties and Risks
The utilization of CO2 saturated mining wastes suspensions for stowage during longwall mining
has not been documented yet. Compared to an injection of ordinary waste slurries further safety
aspects have to be considered during a combined CO2 injection. The main risk of this technique is
potential CO2 outgassing into the longwall face or adjacent workings. CO2 outgassing is caused
by the pressure gradient between the longwall and the stowed area behind the roof support
shield and the permeability of the stowing materials and therewith their CO2 retention potential.
Therefore, comprehensive numerical simulations of CO2 outgassing from the stowed area and
upward CO2 migration through the hanging wall were performed as discussed in Chapter 4
(Numerical Simulations). Additionally an analytical model was implemented to determine the
development of CO2 concentration at the longwall face.
As illustrated in Figs. 2.8 and 2.9, CO2 outgassing into the longwall and adjacent workings can
be prevented by the implementation of additional packing systems that seal the stowed gob
area by employing alternating injections of sealing packs and the CO2 saturated mining wastes
suspension. For that purpose additional drag pipes can be installed at the roof support shields
to inject building materials featuring very low gas permeabilities and high linking affinities to
the surrounding bedrock. Pipelines used for the transport of CO2 mining waste slurries have to
be gas-proof. Furthermore, CO2 monitoring and highly adaptable mine weathering systems as
applied in modern coal mining are required for short-term response on CO2 outgassing during
injection operations.
roadside pack
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coal seam coal seam
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(hardened)
sealing
injectiondrag pipe
mining
direction
Figure 2.8: Side-face view of alternating injection of sealing packs into the gob area
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Figure 2.9: Top view of alternating injection of sealing packs into the gob area
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Samples of mining wastes from the flotation process and flotation headings were taken in July
2005 at the coal processing plant Prosper in Bottrop/Germany run by the Deutsche Steinkohle
AG (DSK). Samples of run-of-mine coal (coal processing plant Prosper in Bottrop) and coal
dust (coal mine Bergwerk West) were obtained from the DSK in July 2005. Furthermore, DSK
Anthrazit Ibbenbu¨ren GmbH provided samples of mining wastes (sampled at thickener heads),
flotation headings and run-of-mine coal. Additionally, lignite dust samples were taken at the
strip mining Hambach/Germany that is operated by the RWE Power AG.
All examined samples represent typical product and waste materials from coal processing fa-
cilities operated by the German mining industry and were investigated with regard to their
geotechnical and petrological characteristics, mineral composition and CO2 sorption capacity.
However, only fine-grained mining wastes resulting from the processing of fine-grained coal
are applicable for the stowage technologies presented in Chapter 2.3 (Sorptive Carbon Dioxide
Storage by Linkage to Mining Wastes), because all other examined materials are marketable
products. Therefore, an extended sample analysis involving comprehensive geotechnical (com-
pressibility, water absorption, permeability) and soil moisture retention tests was only performed
on these fine-grained mining wastes.
The observed experimental data discussed in Chapters 3.3.3 and 3.6 were fitted to the process
specific equations and plotted using the software package gnuplot by Williams and Kelley (2007).
It involves an implementation of the nonlinear least-squares (NLLS) Marquardt-Levenberg al-
gorithm (Marquardt, 1963).
3.1 Sample Characterization
The sample characterization was conducted using standard mineralogical, petrological and geotech-
nical tests defined and described in the German industry standards (DIN, c. Appendix A).
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3.1.1 Geotechnical Parameters
The geotechnical properties of the sampled materials were analyzed in repeat determination
according to German Industry Standards (c. Appendix A). Tab. 3.1 shows a summary of the
geotechnical properties of the mining wastes sampled at Bottrop and Ibbenbu¨ren.
Table 3.1: Geotechnical parameters of mining wastes sampled at the coal processing plants Pros-
per/Bottrop and Ibbenbu¨ren
Parameter Dimension Mining waste origin German Industry
Prosper/Bottrop Ibbenbu¨ren Standard
Soil type - U, t*, fs’ U, ms, fs’, t’ DIN 18123
Grain size T % 40 8 DIN 18123
distribution U % 47 57
S % 13 35
Particle density %s g/cm3 2.23 2.36 DIN 18124
Ignition loss LOI % 27.0 20.9 DIN 18128
Moisture content w % 23.0 29.4 DIN 18121
(as received)
Liquid limit wL % 32.34 27.08 DIN 18122
Plastic limit wP % 22.62 19.11
Plasticity index Ip - 9.72 7.97
Consistency index Ic - 0.96 -0.32
State - stiff liquid
Friction angle ϕ´ ◦ 26.24 - DIN 18137
Cohesion c´ kN/m2 15.85 -
The grain size distribution of both mining wastes was determined by repeated sieve and sed-
imentation analyses according to DIN 18123. Based on the results of these analyses the soil
types can be classified as heavy clayey silt (U, t*, fs’) for the Bottrop mining wastes and middle
sandy silt (U, ms, fs’, t’) for the samples obtained at the Ibbenbu¨ren district (c. Tab. 3.1).
The particle density of both mining wastes was examined using a capillary pycnometer as defined
in DIN 18124. The average particle density of the Ruhr district (Bottrop) mining wastes is
%s,B = 2.23 g/cm3 and %s,I = 2.36 g/cm3 for the Ibbenbu¨ren samples (c. Tab. 3.1).
The ignition loss of the named samples was measured as specified in DIN 18128 and is LOIB =
27.0 % for the Ruhr district samples and LOII = 20.9 % for the Ibbenbu¨ren samples (c. Tab. 3.1).
A detailed investigation using petrological analysis methods shows a notable difference in the
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total organic carbon content of both waste materials (c. Chapter 3.1.3).
While chamber filter presses are applied for the drying of mining wastes at the Bottrop coal
processing plant, thickener heads are used the Ibbenbu¨ren. As stated Tab. 3.1, this difference in
the drying process during coal processing at both plants leads to a lower average initial moisture
content of the Bottrop mining wastes (wB = 23.0 %) compared to those from Ibbenbu¨ren
(wI = 29.4 %).
The Atterberg limits were determined according to DIN 18121 and DIN 18122. The liquid and
plastic limit of the Ibbenbu¨ren mining wastes are slightly below those of the Bottrop mining
wastes (c. Tab. 3.1). This results in a plasticity index of Ip,B = 9.72 for the Bottrop samples
and Ip,I = 7.97 for the Ibbenbu¨ren mining wastes. The high moisture content of the Ibbenbu¨ren
samples of wI = 29.4 % (as received) leads to a negative consistency index of Ic,I = −0.32 and
therewith to the state classification “liquid”, while the state of the Ruhr district mining wastes
is determined as “stiff” with a consistency index of Ic,B = 0.96.
Additionally, shear tests in terms of DIN 18137 were conducted to determine the shear strength
of the Ruhr district mining wastes. For that purpose the disturbed samples were consolidated
and subsequently sheared at an axial stress of 100, 200 and 300 kN/m2. Their effective cohesion
and friction angle were determined as c´ = 15.85 kN/m2 and ϕ´ = 26.24◦ (c. Tab. 3.1) at a
speed of 0.0166 mm/min.
3.1.2 Mineralogical Parameters
X-ray diffractometry analyses were performed using a Siemens D 500 diffractometer (radia-
tion source: Cu Kα). The results indicate a mineral composition mainly consisting of quartz,
ankerite, muscovite, clinochlore and the clay minerals illite and kaolinite. Hematite and calcite
were only detected in the Ruhr district mining wastes (c. Fig. B.1, B.2 and B.3). Detailed
diagrams of all conducted x-ray fluorescence analyses are listed in Appendix B. Major and trace
elements (Tab. 3.2) were determined by energy dispersive x-ray fluorescence (Spectro XLab2000).
The results signify remarkably high silicium (SiO2: 38 to 42 %), aluminium (Al2O3: 17 to 21 %)
and iron (Fe2O3: around 4 %) contents of the mining wastes materials, which indicates their
relatively high content of clay minerals in comparison to the other samples from coal processing.
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Table 3.2: Rock forming elements detected by x-ray fluorescence analyses on mining wastes, flotation
headings, run-of-mine coals and coal dusts
SiO2 Fe2O3(T) TiO2 Al2O3 MnO MgO
(%) (%) (%) (%) (%) (%)
Mining wastes1 41.55 3.64 0.66 21.49 0.04 1.34
Mining wastes2 37.65 4.08 0.62 17.24 0.07 3.03
Flotation headings1 8.32 1.12 0.23 4.94 <0.01 0.37
Flotation headings2 5.45 0.68 0.19 2.93 <0.01 0.35
Run-of-mine coal1 17.39 2.03 0.31 9.30 0.02 0.47
Run-of-mine coal2 27.5 3.47 0.46 12.17 0.05 1.39
Coal dust (mvb)3 15.33 2.28 0.31 7.57 0.03 1.46
Coal dust (lvb)3 6.44 1.1 0.14 3.96 0.01 0.41
CaO Na2O K2O P2O5 SO3 LOI Total
(%) (%) (%) (%) (%) (%) (%)
Mining wastes1 1.00 0.85 3.21 0.29 0.54 24.35 98.95
Mining wastes2 2.80 0.51 2.98 0.31 0.69 29.74 99.70
Flotation headings1 0.32 0.25 0.65 0.18 <0.20 82.92 99.34
Flotation headings2 0.35 0.22 0.47 0.05 <0.20 88.85 99.72
Run-of-mine coal1 0.25 0.35 1.37 0.15 <0.20 67.11 99.89
Run-of-mine coal2 0.55 0.39 2.19 0.09 0.65 50.61 99.53
Coal dust (mvb)3 1.11 0.42 1.43 0.08 0.82 68.72 99.57
Coal dust (lvb)3 0.31 0.21 0.59 0.03 <0.20 86.45 99.85
Sample origin:
1Ibbenbu¨ren
2Prosper/Bottrop
3Bergwerk West (mvb: medium volatile bituminous; lvb: low volatile bituminous)
3.1.3 Petrological Parameters
The petrological properties of the specimens were determined according to DIN 51700, DIN
51718, DIN 51719, DIN 51720 and DIN 51721 (c. Appendix A). A high influence of variations
in coal processing as well as regional seam and bedrock composition on the distribution of
total organic (TOC), total inorganic (TIC), volatile matter (VM) and ash content is reflected
by their wide deviation for all examined materials. Tab. 3.3 shows the generally higher TOC
and VM content, but lower TIC and ash content of the Ruhr district coal processing products
and residues compared to those sampled at the Ibbenbu¨ren district. The TOC of the sampled
mining wastes varies between 9.55 and 18.43 %. The flotation headings have a TOC of above
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70 % and the run-of-mine coals TOC is about 50 %. The coal dusts sampled at air classifiers
in the coal processing plants show the typical TOC of around 60 respectively 70 % according to
their content of volatile matter and coal rank.
Table 3.3: Carbon, ash and volatile matter (VM) contents of sampled mining wastes, flotation headings,
run-of-mine coals and coal dusts
Moisture TC TOC TIC Ash VM
(%) (%) (%) (%) (%) (%)
Mining wastes1 0.18 14.43 9.55 4.88 79.77 7.54
Mining wastes2 0.91 19.26 18.43 0.83 72.93 14.27
Flotation headings1 0.17 71.53 55.53 15.99 38.48 6.27
Flotation headings2 0.37 70.21 69.16 1.06 14.18 26.36
Run-of-mine coal1 2.76 52.64 32.90 19.73 51.68 6.61
Run-of-mine coal2 2.16 50.71 48.6 2.11 38.25 22.93
Coal dust (mvb)3 4.90 58.67 57.35 1.32 25.28 23.37
Coal dust (lvb)3 5.39 69.36 65.15 4.21 21.31 14.73
Sample origin:
1Ibbenbu¨ren
2Prosper/Bottrop
3Bergwerk West (mvb: medium volatile bituminous; lvb: low volatile bituminous)
3.2 Uni-axial Compressibility
Uni-axial stress tests in terms of DIN E 18135 (c. Appendix A), which is still in a draft state,
were performed on the mining waste samples retrieved at Ruhr district coal processing plants
to examine the influence of injection (up to 1 MPa) and overburden pressures on porosity and
dry density at the designated storage depth (up to 25 MPa). Digital displacement transduc-
ers and a software package developed within this work were applied to measure, visualize and
record the time and load-dependent compression of the samples during the different test se-
tups. After completing the tests, the compacted samples from the standard oedometer tests
(Chapter 3.2.1) were analyzed regarding their permeability (c. Chapter 3.5.1) and soil moisture
retention characteristics (c. Chapter 3.6).
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3.2.1 Standard Oedometer Tests
Stress-settlement tests according to DIN E 18135 were conducted on six disturbed samples of
Ruhr district mining wastes using sample rings with an inner diameter of 70 mm and a height
of 14 mm (diameter to height ratio of 5.0). Filter plates were used at the top and bottom
of the installed samples to ensure drainage during load application and imbibition after load
release. The initial load of 0.4081 MPa was increased up to a final load of 1.0204 MPa (equal
to the injection pressure in the gob area). The load plates were applied stepwise, when the
settlement rate maintained a constant value of zero for at least 4 hours. After the load release,
the compacted samples were used to determine the porosity that will be established subsequently
to their installation in the permeability and soil moisture retention apparatus. By this procedure,
the boundary conditions occurring subsequently to the injection of the mining wastes suspension
were taken into account. The moisture content of all samples was equilibrated close to the liquid
limit (36 % by weight, equals 25.7 % by volume) before their installation into the oedometer
ring.
The absolute settlement of the examined samples at the first load stage (0.4 MPa) is between
18.4 and 22.6 %. At the end of the final load stage (1.0 MPa) the samples show a maximum
relative settlement between 22.4 and 26.4 %. The final absolute settlement after total load
release is between 15.3 and 18.6 % (c. Fig. 3.1). This behavior indicates a maximum elastic
settlement fraction between 7.1 and 7.8 %.
The settlement behavior of the six tested samples is nearly identical and shows variations below
5 % of the total relative settlement after total stress release (c. Fig. 3.2). The slightly higher
relative settlement of sample 2 (c. Fig. 3.2) and the final relative settlement after total load
release may be explained by variations in sample installation, which affects the installed sample
mass and therewith its density and porosity.
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Figure 3.1: Axial stress-dependent settlement (∆h/h0) of six samples obtained at the coal processing
plant Bottrop
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Figure 3.2: Axial stress-dependent settlement (∆h/∆hmax) of six samples obtained at the coal process-
ing plant Bottrop
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As illustrated in Fig. 3.3, the range of porosity is between 44.45 and 46.43 % before the stress
application and is decreased to an average of 28.67 % at the maximum load of 1.0 MPa. Subse-
quently to load release and sample expansion, its porosity and dry density increase to φ = 0.3457
and %d = 1.465 g/cm3. These values were assumed for all approaches regarding further exper-
imental (Chapter 3.6) and numerical investigations discussed in Chapter 4 (Numerical Simula-
tions).
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Figure 3.3: Axial stress-dependent porosity of six samples obtained at the coal processing plant Bottrop
Since the moisture saturation of the samples (Sw) could not be determined prior to their instal-
lation into the testing apparatus, they were assumed to be fully saturated (Sw = 1.0) due to the
imbibition process induced by total load release and presence of water. The total release was
conducted to simulate the stress release following the interruption of the injection in case no
confining installations were set up (sealing injections parallel to the longwall, c. Chapter 2.3.1).
3.2.2 High-Pressure Oedometer Tests
Oedometer tests of up to 27 MPa (equal to overburden pressure at a depth of 1000 m) were
conducted on five samples of mining wastes by Kempka et al. (2008b) to investigate the effect
of overburden pressure at the designated storage depth of 1000 m. Samples with different
moisture content were prepared at the beginning of these tests to determine the compression
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characteristics with regard to the hardening of the mining wastes suspension after its injection
into the gob area. The disturbed samples were inserted into rings with an inner diameter of
38 mm and a height of 20 mm and drained by filter plates between ring, base plate and top plate.
While DIN E 18135 demands a sample diameter to height ratio of at least 2.0, its reduction
to 1.9 was necessary to achieve axial stresses above 25 MPa using the available experimental
equipment with a load ratio of 1:5 and a maximum applicable load of 600 kg (30 load plates
at a weight of 20 kg). Generally, an increase of shearing forces at the intersection between the
sample ring and sample boundary is induced by the increase of the contact surface. However,
this effect was neglected regarding the conducted tests, since the load application was about 25
times higher compared to the standard tests.
Dependent on the experiment type, load ranges from 0.89 to 26.76 MPa were increasingly applied
to the samples. During the axial stress-settlement tests the load range was increased after a
constant settlement rate of zero for about 4 hours, while the load increase interval of the time-
settlement tests was employed after the specifications of DIN E 18135. For practical reasons,
the axial stress was applied in incremental steps of 0.89 MPa with a time interval of 60 seconds
at the start of each load stage. Fig. 3.4 shows the settlement curves recorded during the increase
and decrease of load on three mining waste samples with varying moisture contents (17 to 30 %
by volume). The stress to settlement ratio of the examined samples depended on the setup of
moisture content prior to their insertion into the testing device. The sample with the highest
moisture content at the start of the experiments reaches a maximum settlement of 38.42 %
(8.42 % above initial water content) at an axial stress of 26.76 MPa, while the sample with
lowest moisture has a maximum settlement of 22.34 % (5.34 % above initial water content).
After the release of the applied load ranges a decompression rate between 3.65 % and 4.32 %
(corresponding to the maximum elastic settlement fraction) is induced by the pressure release
on the grain framework of all samples (Kempka et al., 2008b).
The axial stress to relative settlement curves of the three samples which differ in their moisture
content are displayed in Fig. 3.5. The curve progression during load increase is similar for all
three samples. The initial relative settlement at an axial stress of 0.89 MPa increases with the
moisture content. The final relative settlement after stress release (0.89 MPa) shows a decrease
of about 20 % for the sample with the lowest initial moisture content, while the samples with
higher initial moisture content show a decrease by only 10 to 13 % (Kempka et al., 2008b).
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Figure 3.4: Axial stress-dependent settlement (∆h/h0) of samples with varying initial moisture content
from Kempka et al. (2008b)
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Figure 3.5: Axial stress-dependent settlement (∆h/∆hmax) of samples with varying initial moisture
content from Kempka et al. (2008b)
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The time-dependent settlement characteristics for one sample setup with a moisture content
of 30 % by volume are displayed in Figs. 3.6 and 3.7. The steeply rising curve progression at
the first load stage of 0.89 MPa may be explained by rapid pore water release due to the first
appliance of pressure onto the sample. Increase of axial stress up to 3.57 MPa results in a gently
inclined development compared to the first load range. The fourth load range at 8.92 MPa
initializes a restructuring in the grain framework of the samples leading to a higher settlement
with regard to the two prior load stages. The curve development between 0 and 50 seconds of the
fifth load stage is determined by the sequential load increase up to 17.84 MPa in ten sub-steps
of 0.89 MPa. After 100 s the time-dependent settlement under 17.84 MPa is very similar to
the settlement observed under loads of 1.78 and 3.57 MPa. The final load stage at 26.76 MPa
provides a remarkably flatter curve development than any of the previous stages. Hence, the
primary compression of all load stages is completed after a time span of around 1000 seconds.
The load increase in steps of 0.89 MPa at the beginning of each load stage has a retarding effect
during the first 50 seconds of the experiment (Kempka et al., 2008b).
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Figure 3.6: Time-dependent settlement (∆h/h0) of sample 2 (moisture content of 30 % by volume)
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Figure 3.7: Time-dependent settlement (∆h/∆hmax) of sample 2 (moisture content of 30 % by volume)
3.3 Carbon Dioxide Sorption
The physical CO2 adsorption capacity of different mining wastes was investigated in order to
estimate the CO2 storage potentials resulting from the usage of the stowage techniques described
in Chapter 2.3.1. For that purpose the CO2 excess sorption isotherms on mining wastes were
determined in the laboratory. The experiments were conducted in a volumetric sorption appa-
ratus as described by Goodman et al. (2004). The equation of state (EOS) for CO2 after Span
and Wagner (1996) was used to calculate the CO2 density determined by increasing pressure
and constant temperature during the experiments.
3.3.1 Impact of Regional Mining Wastes Composition
Ruhr and Ibbenbu¨ren district mining wastes were investigated to quantify the influence of their
material composition on CO2 adsorption capacities. Their material compositions show consid-
erable differences in the content of total organic carbon of nearly 8 % and clay of about 28 %.
Both samples were dried in an oven at a temperature of 60 ◦C to preserve the clay minerals
and to eliminate the influence of moistness on the adsorption. The excess adsorption isotherms
were measured at 45 ◦C corresponding to underground conditions at a depth of 1000 m. The
34
3.3 Carbon Dioxide Sorption
adsorption isotherms plotted in Fig. 3.8 show a higher CO2 adsorption capacity of the min-
ing wastes sample from Ibbenbu¨ren in comparison to the one from Bottrop. Many material
properties of the mining wastes have an impact on their adsorption capacity (e.g. material com-
position, porosity, specific surface, coal rank, etc.) and the numerous overlapping correlations
and interlinked parameters complicate the determination of the impact of a single parameter.
The variation of the CO2 adsorption capacity of both samples may be influenced by geological
conditions in the mining regions and variations in methods of coal processing depending on
local regulations. The isotherm development in Fig. 3.8 shows that a higher amount of CO2
can be stored on the materials with increasing adsorption pressure. However, the realizable
underground storage pressure is limited by the conditions present at the working in the coal
mine (e.g. storage depth, accessibility of cavities and the mining technique used). Based on
the isotherm for the mining wastes sample from Ibbenbu¨ren (c. Fig. 3.8), a sorption capacity
of 10 kg CO2/tonne mining wastes suspension at an injection pressure of 1.0 MPa is feasible
during longwall mining operations.
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Figure 3.8: CO2 excess sorption on mining wastes sampled at the German coal processing plants
Ibbenbu¨ren and Bottrop dried at 60 ◦C, measured at a temperature of 45 ◦C from Kempka
et al. (2008b)
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3.3.2 Impact of Moisture Content
A pumpable mining wastes suspension requires a moisture content of 30 % by volume (equals
42 % by weight) for successful transport and injection into the gob area (Maurer and Sill, 1989).
Therefore, the influence of moisture content on CO2 adsorption had to be investigated by com-
paring experimental results of tests on dried and moisture equilibrated mining waste samples.
The isotherms plotted in Fig. 3.9 indicate that the presence of moisture seems to reduce the
adsorption capacity of the mining waste materials. This is determined by the effect of com-
petitive adsorption where water molecules occupy potential sorption positions for CO2 on the
surface of the mining waste materials (Kempka et al., 2008b). A comparison of the isotherms
for samples with moisture contents of 14.5 and 30 % by volume shows an unexpectedly higher
CO2 adsorption capacity for the moister sample. This could indicate that while the adsorp-
tion capacity of solids is inhibited by the presence of moisture, water also provides additional
absorption capacity by dissolving CO2.
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Figure 3.9: Influence of moisture content on CO2 excess sorption capacity of mining wastes from Bot-
trop, measured at a temperature of 45 ◦C from Kempka et al. (2008b)
CO2 molecules that are not in the gas phase are driven off by the water phase and adsorb to the
solids or remain dissolved. Consequently, the dissolved CO2 increases the total storage capacity
of the moist sample. The equilibrium distribution of the CO2 concentration is only known for
two-phase systems. The amount of CO2 in the gas and water phases can be calculated using
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the model for CO2 solubility in aqueous solutions developed by Duan and Sun (2003). The EOS
according to Span and Wagner (1996) may be used to calculate the amount of CO2 in the gas
phase dependent on in situ pressure and temperature conditions. An EOS for adsorbed and
dissolved CO2 in a three phase system has not yet been investigated in the laboratory. Therefore,
it is not possible to quantify the amount of CO2 dissolved in water or adsorbed to the solid in
case of application of CO2 sorption on moist samples. To estimate the potential amount of
CO2 adsorbed to solids, the adsorption isotherm has been corrected under the assumption of
a complete CO2 saturation of the sample’s moisture at a temperature of 45 ◦C and a salinity
of zero by application of the model after Duan and Sun (2003). The calculated amount of the
dissolved CO2 (c. Fig. 3.10) was subtracted from the totally dissolved and adsorbed CO2. The
resulting isotherm plotted in Fig. 3.10 illustrates the effectively adsorbed CO2 on the solids
surface.
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3.3.3 Langmuir Parameters
The CO2 excess sorption data measured for the Prosper/Bottrop mining wastes was fitted
to Eq. 3.1 representing the sorption isotherm developed by Langmuir (1918). The fitting re-
sults are illustrated in Fig. 3.11 and the Langmuir parameters were determined as m∞,CO2 =
0.4496 mol/kg ± 0.01467 mol/kg and KCO2 = 4.6548 · 10−7 Pa−1 ± 0.4296 · 10−7 Pa−1.
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mCO2adsorbed = m∞,CO2 ·
KCO2 · pg,CO2
1 +KCO2 · pg,CO2
(3.1)
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Figure 3.11: Observed and fitted data of CO2 adsorption on mining wastes from Bottrop
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3.4 Water Absorption
Water absorption was investigated using the gravimetric apparatus described by Dieng (2005).
Fig. 3.12 shows the average results for both samples. While water absorbs slightly faster on
the Ibbenbu¨ren mining wastes (4 to 10 %), their maximum absorption capability (48 % after 8
minutes) is below that of the Bottrop mining wastes (54 % after 30 minutes).
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Figure 3.12: Water absorption capability of Bottrop and Ibbenbu¨ren mining wastes
Additionally, the plastic limits were determined according to Dieng (2006). Thus, capillary water
absorption (wA5) is completed after 5 minutes followed by inner-crystalline water absorption
(wA100) which takes 100 minutes. Dieng (2006) describes the inner-crystalline water absorption
(wAi) as the difference of the values of water absorption after 5 and 100 minutes (c. Eq. 3.2).
wAi = wA100 − wA5 (3.2)
According to Dieng (2006) the Atterberg liquid limit (wL) can be calculated using the observed
value for the inner-crystalline water absorption (wAi) and the total water absorption (wA) after
1440 minutes as described in Eq. 3.3.
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wL =

0.61 · (wA + 0.3 · wAi) if wA + 0.3 · wAi ≤ 210 %
1.13 · (wA + 0.3 · wAi)− 126 otherwise
(3.3)
Eq. 3.3 was used to calculate the liquid limits of both samples (c. Tab. 3.4). The comparison of
the measured (DIN 18122) and calculated liquid limits shows an average deviation of less than
9 %. Therefore, the method after Dieng (2005, 2006) is applicable for a faster determination
(experiment runtime of 24 hours) of the liquid limit dispensing with the application of the
comprehensive tests described in DIN 18122 (experiment runtime of at least 2 days). The quality
of the results should nevertheless be verified by standard tests according to DIN 18122, because
an ignition loss of above 12 % can lead to an overestimation of the liquid limit (c. Tab. 3.4).
Table 3.4: Comparison of indirectly calculated and observed values for the liquid limits of Ibbenbu¨ren
and Bottrop mining wastes
Parameter Mining wastes
Bottrop Ibbenbu¨ren
wA5 39.88 46.88
wA100 54.00 48.00
wAi 14.12 1.12
wL,Dieng 35.52 29.48
wL,DIN18122 32.34 27.08
3.5 Permeability
Permeability tests are essential for the quantification of flow processes regarding the gas and wet-
ting phases within the gob area stowed with mining wastes. Therefore, two different approaches
were undertaken to determine the gas and water permeability of the sampled materials. The
hyraulic conductivity was tested in tri-axial cells involving different sample preparation, while
gas permeability was examined using a nitrogen permeameter with varying confining pressures.
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3.5.1 Tri-axial Cell Tests
Tri-axial cell tests (DIN 18130, c. Appendix A) were conducted on samples compacted according
to DIN 18127 and samples resulting from the uni-axial compression tests described in Chap-
ter 3.2.1. Tab. 3.5 shows the parameters of both sample types and the experimental results.
Table 3.5: Comparison of the results of two permeability test series involving different sample prepara-
tion of mining wastes from Bottrop
Consolidation type DIN 18127 DIN E 18135
Consolidation pressure σ (MPa) 0.6 1.0
Sample dimensions
Height h (m) 0.12 0.014
Diameter d (m) 0.10 0.07
Porosity φ (%) 34.84 34.57
Absolute permeability K (10−10 m/s) 2.72 2.42
The samples prepared according to DIN 18127 were compressed dynamically in three layers by
a drive-hammer using a calculated total load of 0.6 MPa (equals the work done on compression
of 6 MNm/m3), while the final load during the uni-axial stress tests in terms of DIN E 18135
was set to 1.0 MPa. The results indicate absolute permeabilities of 2.42 ·10−10 m/s (prepared
according to DIN E 18135) respectively 2.72 ·10−10 m/s (prepared according to DIN 18127) and
thus a difference of 8.8 %. Considering the small difference between both experimental results
in comparison to the relatively high measurement error of the generic tri-axial cell test, both
methods of sample preparation can be applied for the examined mining wastes.
3.5.2 Nitrogen Permeameter Tests
Nitrogen permeameter tests were used to examine the gas conductivity of the Bottrop mining
wastes under different confining pressures. The samples were prepared according to DIN 18127
(c. Appendix A), cut to a diameter of 2.54 cm and height of approximately 2 cm using a shear
ring and dried before their insertion into the permeameter. Increasing confining pressures of
5, 10 and 25 MPa (overburden pressure at a depth of 1000 m) were applied stepwise and the
resulting permeability was measured at each step.
Tab. 3.6 shows the measured permeability data in the dimensions 10−3 Darcy and m/s for com-
parability reasons. The sample porosity of φ = 0.2772 was determined using helium porosimetry
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(measured at a gas pressure of approximately 0.3 MPa). The lower porosity compared to the
samples described in Chapter 3.5.1 may result from shear stresses occurring during the sample
cutting process. The drying of the examined samples was necessary for protection of the exper-
imental apparatus against moisture intrusion. The measured permeabilities are expected to be
much lower in case of the presence of pore water (c. Chapter 3.6).
Table 3.6: Confining pressure-dependent N2 permeability of Bottrop mining wastes
Confining Permeability
pressure specific absolute
(MPa) (mD) (m/s)
5 0.26 2.49 · 10−12
15 0.07 6.45 · 10−13
25 0.04 4.04 · 10−13
3.6 Soil Moisture Retention
The soil moisture retention characteristics are required for the parametrization of water satura-
tion against capillary pressure and relative permeability applied within the numerical models.
They were examined for the Bottrop mining wastes that were previously compacted by an axial
load of 1.0 MPa (c. Chapter 3.2.1). Subsequently, three samples were installed into a drained
sandbox with controllable suction pressures from 0.0001 to 0.01 MPa and three further sam-
ples were set up in a pressure container using ceramic filter plates allowing a suction pressure
adjustment of 0.1, 0.3, 0.5 and 1.5 MPa.
The experimental data were fitted to the van Genuchten (1980) model. The effective Saturation
Se is defined by Eq. 3.4 and related to the pressure head h printed in Eq. 3.5 and 3.6. The
fitting parameters were determined as α = 1.29 · 10−3 ± 2.39710−4 and n = 2.03 ± 0.1842 for
Eq. 3.7 (transformed by the pressure head h). The experimental data and fitted soil moisture
retention curve are plotted in Fig. 3.13.
Se =
Sw − Swr
1− Swr (3.4)
Se =
[
1
1 + (α · h)n
]m
(3.5)
m = 1− 1
n
(3.6)
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Eq. 3.5 and Eq. 3.6 in Eq. 3.5:
h =
1
α
·
[(Sw − Swr
1− Swr
)− 1
1− 1n − 1
] 1
n
 (3.7)
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Figure 3.13: Soil moisture retention of mining wastes obtained at the Bottrop coal processing plant
The involvement of a non-wetting phase (gas phase) requires the implementation of its residual
saturation (Sgr) into the effective saturation Eq. 3.4 resulting in Eq. 3.8. Based on the van
Genuchten (1980) model, the saturation - relative permeability relationship for both phases is
determined by Eq. 3.9 (Sw - kr,w relationship for the wetting phase) and Eq. 3.10 (Sw - kr,n
relationship for the non-wetting phase).
Se =
Sw − Swr
1− Swr − Sgr (3.8)
kr,w =
√
Se ·
[
1−
(
1− S
1
m
e
)m]2
(3.9)
kr,n = 3
√
1− Se ·
[
1− S
1
m
e
]2m
(3.10)
43
3 Laboratory Experiments
R
e
la
ti
v
e
 p
e
rm
e
a
b
ili
ty
 k
r 
(−
)
Saturation Sw (−)
Swr = 0.648 Snr = 0.05
Relative permeability
kr,w
kr,n
0.0
0.2
0.4
0.6
0.8
1.0
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Figure 3.14: Relative gas and water permeabilities of mining wastes sampled at the Bottrop coal pro-
cessing plant
3.7 Experimental Results and Discussion
All samples obtained from the German mining industry were characterized regarding their
geotechnical, petrological and mineralogical properties (c. Chapters 3.1.1, 3.1.2, 3.1.3). How-
ever, not all examined samples represent waste materials, since some of them are marketable
and thus not available as adsorbent agents for geological CO2 storage. Therefore, only selected
products of hard coal processing were investigated in a detailed experimental program consid-
ering relevant parameters for their injection as a CO2 mining wastes suspension into gob areas
of operating longwall workings. The mining wastes were obtained at two different German coal
processing plants located in the Ruhr (Prosper/Bottrop) and Ibbenbu¨ren districts.
The widely differing geotechnical characteristics of both mining wastes reveal the high depen-
dency on the geology of the mining region and the applied coal processing technique. While
the samples moisture content (c. Tab. 3.1) is determined by application of different drying tech-
niques, the particle density, ignition loss, grain-size distribution and Atterberg limits mainly
depend on regional seam and bedrock properties.
Similar differences occur regarding the impact of petrological properties on the CO2 sorption
capacities of the mining wastes. Those sampled at Ibbenbu¨ren show a considerable lower content
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of total organic carbon (∆TOC = 8.88 %, c. Tab. 3.3), but a higher content of total inorganic
carbon (∆TIC = 4.05 %, c. Tab. 3.3) involving a higher CO2 excess sorption capacity of up
to 0.1 mmol/g (c. Fig. 3.8). Since carbon content is known to be one of the determining
parameters for CO2 sorption capacity, other parameters seem to have a relevant influence on
sorption as well. One of these may be the higher content of volatile matter of the Ibbenbu¨ren
samples (∆VM = 6.73 %, c. Tab. 3.3) as well as differences in the micro and ultra-micro porous
structure (Prinz and Littke, 2005). The latter aspect was not investigated within the scope of
the presented experimental program. Additionally, some clay minerals offer a remarkable CO2
sorption capacity (Busch et al., 2007a). Therefore, the higher CO2 sorption capacity of the
Ibbenbu¨ren district samples may be additionally explained by a deviant mineral composition
compared to the Ruhr district wastes (c. Figs. B.1, B.2 and B.3). The higher availability of
aluminium and kalium (c. Tab. 3.2) may be responsible for a higher kaolinite content in the
Ibbenbu¨ren samples, which could offer additional CO2 sorption capacities besides the organic
matter.
Moisture content has a considerable impact on CO2 sorption capacity. Dry samples generally
show a higher sorption capacity than moist samples (c. Fig. 3.9). But CO2 dissolution in pore
water increases the total CO2 storage capacity of a sample as illustrated by the comparison
measurement of samples with moisture contents of 14.5 respectively 30 % by volume as plotted
in Fig. 3.9. Therefore, the pore volume and water absorption capability of the waste materials
become relevant considering the total CO2 storage capacities, where the amount of CO2 dissolved
in water can even surpass its amount adsorbed on mining wastes (c. Fig. 3.10). This is mainly
related to water molecules occupying CO2 sorption positions on the mining wastes, which results
in a decrease of CO2 sorption capacity of about 60 % (Kempka et al., 2008b).
Standard oedometer tests (c. Chapter 3.2.1) were conducted to determine the average porosity
(φ = 0.3457) and dry density (%d = 1.465 g/cm3) of the mining wastes after their injection into
a gob area of a longwall working. Subsequently, these samples were used for further investi-
gations considering their permeability and soil moisture retention. Additionally, high pressure
oedometer tests (c. Chapter 3.2.2) of up to 27 MPa were carried out to analyze the subsidence
mitigation potential, if mining wastes are used as stowage material for underground cavities.
Their maximum settlement was determined to 38.42 % for a moisture content of 30 % by vol-
ume (c. Fig. 3.4). The experiments show that an injection of these materials into the gob area at
a pressure of 1.0 MPa results in their relative settlement between 47.2 and 53.6 % corresponding
to a remaining total settlement potential between 13.9 and 22.7 %. But the subsidence reduc-
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tion achievable in situ also depends on further boundary conditions, e.g. the properties of the
collapsed bedrock, the mining technique applied, the injection timing regarding the progression
of longwall operations, the amount of overbuilt longwall panels in the study area and also the
timing of mine water management. A detailed quantification of subsidence reduction potentials
requires the implementation of large-scale and long-term field tests involving extensive in situ
monitoring (Kempka et al., 2008b).
A comparison of standard permeabilty tests in a tri-axial cell set up (c. Chapter 3.5.1) on samples
prepared according to DIN 18127 (proctor test) and samples resulting from the standard oe-
dometer tests shows a good agreement with hydraulic conductivities of 2.42 ·10−10 m/s (samples
from standard oedometer tests) and 2.72 · 10−10 m/s (proctor test). Additionally, the confin-
ing pressure-dependent gas permeability of dry Bottrop mining wastes was determined using
a nitrogen permeameter. Regarding the full load of the overburden (approximately 25 MPa)
the gas conductivity decreased from 2.49 · 10−12 to 4.04 · 10−13 m/s at confining pressures of
5 respectively 25 MPa (c. Tab. 3.6). These values can be expected to decrease in the presence
of water.
Water absorption tests according to Dieng (2005) were carried out to investigate the maximum
moisture content of the materials. Both samples show relatively high absorption rates reaching
their maximum after 8 minutes (Ibbenbu¨ren mining wastes, wabsorbed = 48 %) and 30 minutes
(Bottrop mining wastes, wabsorbed = 54 %). The liquid limits of both wastes were calculated
as suggested by Dieng (2006) showing a slight overestimation compared to the liquid limits
determined according to DIN 18122. This is assumed to result from the mining wastes’ high
organic matter content (c. Tab. 3.4).
Finally, the soil moisture retention potential of the Bottrop mining wastes was determined as
discussed in Chapter 3.6. The observed data was fitted to the model developed by van Genuchten
(1980) resulting in the retention curve plotted in Fig. 3.13 and the relative permeabilities of the
non-wetting and wetting phases plotted in Fig. 3.14.
A summary of the experimental results used for the parametrization of the numerical models
discussed in Chapter 4 (Numerical Simulations) is printed in Tab. 3.7. These parameters are
assumed to represent the in situ conditions subsequent to the injection of the CO2 mining wastes
suspension into the gob area of a longwall working. Further model input parameters, mainly
based on data obtained by the German mining research and industry, will be presented in the
discussion of the model setup in Chapter 4.3 (Carbon Dioxide Outgassing into the Longwall
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Face).
Table 3.7: Summary of experimental results applied for parametrization of the numerical models
Parameter Value Dimension Chapter
Porosity φ 0.3457 - 3.2.1
Dry density %d 1.465 g/cm3
Langmuir (1918) pressure KCO2 4.6548 · 10−7 Pa−1 3.3.3
Langmuir (1918) mass m∞,CO2 0.4496 mmol/g
Absolute permeability K 2.42 · 10−12 m/s 3.5.1
van Genuchten (1980) parameter α 1.29 · 10−3 - 3.6
van Genuchten (1980) parameter n 2.03 -
Residual water saturation Swr 0.648 -
47
48
4 Numerical Simulations
Numerical simulations were conducted to investigate different scenarios that might occur sub-
sequent to deployment of the Simultaneous Injection of CO2 and Mining Wastes technology
introduced in Chapter 2.3. These scenarios may involve outgassing of CO2 from the stowed
gob area into the longwall face and CO2 migration into adjacent workings, shafts or drifts at
lower depths through the hanging wall. Therefore, two different models were applied within this
study. A two-phase two-component model involving the components CO2 and H2O was used to
investigate the CO2 emissions from the stowed gob area and a two-phase three-component model
additionally involving the component N2/O2 (air) was used to simulate upward CO2 migration
through the hanging wall.
The two-phase two-component model was originally developed by Bielinski (2007) to investigate
CO2 injections into saline aquifers. It was extended by the implementation of CO2 adsorption
on mining wastes within the scope of this work. The two-phase three-component model im-
plemented by Dogan (2004) and Kobayashi (2005) involves the components methane, air and
water and was originally applied for modeling of mine gas repositories. Within the scope of this
work this model was modified by replacing the methane component with the CO2 component
based on the fluid properties implemented in the two-phase two-component model of Bielinski
(2007). The relevant differences regarding both models are discussed in Chapter 4.2. While the
two-phase two-component model was already set up for parallel computing using the Message
Passing Interface (MPI) libraries, the two-phase three-component model had to be modified to
run in parallel on a computing cluster. This reduced the total computation time of the numerous
conducted simulation runs by about 90 % to approximately 16 (CO2 outgassing problem) and
24 hours (CO2 migration problem).
The operating system FreeBSD 7.0 (Free Berkeley System Distribution, c. FreeBSD (2008))
was used to set up a cluster consisting of 20 computing nodes with each providing two proces-
sor cores. A master server was used to enable diskless booting via PXE (Preboot Execution
Environment, c. Intel (1999)) and NFS (Network File System, c. Shepler et al. (2003)). The
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parallel communication between the nodes was implemented using the Message Passing Interface
libraries of MPICH2 (Gropp et al., 1999).
4.1 The Numerical Simulator MUFTE-UG
The numerical software package MUFTE-UG (Multiphase Flow Transport and Energy Model
on Unstructured Grids) is used for simulation of isothermal and non-isothermal multi-phase
multi-component flow and transport in porous media. It was developed in cooperation of the
Institute of Hydraulic Engineering at University of Stuttgart (Helmig et al., 1998) and the
Technical Simulation Group of the Interdisciplinary Center for Scientific Computing at the
University of Heidelberg (Bastian et al., 1997). UG is a flexible toolbox for the solution of
partial differential equations on unstructured grids and MUFTE involves discretization schemes
for the multiphase-flow partial differential equations and constitutive relationships (c. Fig. 4.1).
Figure 4.1: The numerical simulator MUFTE-UG adapted from Bielinski (2007)
MUFTE-UG includes modules for single-phase flow of liquids (water, non-aqueous phase liquids,
gases, transport of tracers), two-phase systems (liquid/liquid, liquid/gas with phase transitions),
and three-phase systems (liquid/liquid/gas with phase transitions). The model concepts involve
the extended Darcy Law for the movement of multiple phases in different types of porous media.
Additionally, a set of constitutive relationships, such as relative permeability, capillary pressure
and state equations for densities, viscosities, etc. are provided by this software package (Helmig
et al., 1998).
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4.2 Conceptual Models
Within this work two models were used to simulate different CO2 outgassing scenarios. A two-
phase two-component model involving the components CO2 and H2O was applied to investigate
the CO2 mass outgassing from a gob area stowed with a CO2 mining wastes suspension. The
simulation of the second problem, the CO2 migration through a hanging wall above the stowed
gob area, required the implementation of a two-phase three-component model with the compo-
nents H2O, CO2 and N2/O2 (air) to represent the initial gas distribution in the unsaturated
hanging wall.
4.2.1 Fundamental Terms
A set of elementary definitions is necessary to describe the two-phase two- and three-component
flow in porous media. Therefore, the model properties and constitutive relationships relevant
for the conducted multi-flow simulations are discussed within the following sections.
Phases and Components
According to Helmig (1997) the term phase (α) is applied for differentiation between two or
more fluid continua which are separated by an interface. Discontinuities in fluid properties only
exist across this interface. A phase can consist of multiple components. Since single fluids are
assumed to be immiscible, a second phase needs to be defined, if two fluids are involved in the
system. However, gases are assumed to be miscible due to the absence of an interface. Thus,
only one gas phase exists in the system.
A component (κ) is a constituent of a phase, which represents an independent chemical sub-
stance. The number of components in a system is the minimum number of independent sub-
stances, which are necessary to describe the structure of all phases present in the system. A
component can consist of a chemical element (e.g. nitrogen) as well as of a chemical substance
(H2O, CO2, etc.) (Helmig, 1997).
Fig. 4.2 shows the model concept of the two-phase two-component model. It consists of a liquid
and a gas phase containing the components CO2 and H2O. Besides the phase transition processes
(dissolution, degassing, evaporation and condensation), which are available in the original model
adapted from Bielinski (2007), the CO2 sorption on mining wastes was implemented using the
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parameters fitted to the Langmuir (1918) equation as discussed in Chapter 3.3.3 (Langmuir
Parameters).
Figure 4.2: Concept of two-phase two-component model, modified from Class et al. (2002)
The two-phase three-component model concept is illustrated in Fig. 4.3. This model consists
of a liquid and a gas phase involving the components CO2, N2/O2 (air) and H2O and was
adapted from a model originally involving CH4, N2/O2 and H2O implemented by Dogan (2004)
and Kobayashi (2005). Within the scope of this adaptation the CH4 component was replaced by
CO2 using the state equations implemented by Bielinski (2007). Furthermore, the CO2 sorption
on mining wastes and bedrock was added using the Langmuir (1918) equation. Another required
step was the parallelization of the two-phase three-component model to decrease the overall
computation time using a high performance computing cluster.
Figure 4.3: Concept of two-phase three-component model, modified from Class et al. (2002)
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Constitutive Relations
Phase compositions are described by mass fractions (Xκα, c. Eq. 4.1) in the two-phase two-
component model and by mole fractions (xκα, c. Eq. 4.2) in the two-phase three-component
model. The sum of all mass respectively mole fractions within a phase is always equal to one.
∑
κ
Xκα = X
H2O
α +X
CO2
α = 1 (4.1)∑
κ
xκα = x
H2O
α + x
CO2
α + x
air
α = 1 (4.2)
The partial pressures of the gas phase are calculated according to Dalton’s Law (c. Eq. 4.3).
The Perfect Gas Law is valid for the components CO2 and air (c. Eq. 4.4). However, the partial
pressure of H2O in the gas phase can be calculated using Raoult ’s Law (c. Eq. 4.5).
pg =
∑
κ
pκg (4.3)
pαg =
nα ·R · T
V
(4.4)
pH2Og = p
sat
w ·XH2Ow (4.5)
Henry ’s Law (c. Eq. 4.6) is applied within the model developed by Dogan (2004) and Kobayashi
(2005) to calculate the mole fraction of the air component in water according to Helmig (1997),
because Raoult ’s Law is not valid for solutions of low concentrations.
Xairw = p
air
g ·Hairw (4.6)
Within both models the mass respectively mole fraction of CO2 dissolved in water (XCO2w respec-
tively xCO2w ) is calculated using the approach of Duan and Sun (2003). The density of the gas
phase is calculated according to Span and Wagner (1996) within the two-phase two-component
model, where water solubility in CO2 is neglected. Regarding the two-phase three-component
model the gas phase density is calculated according to the Perfect Gas Law (c. Eq. 4.7). For the
calculation of water density involving the contributions of the components please refer to Bielin-
ski (2007) for information on the implementation into the two-phase two-component and to Do-
gan (2004) and Kobayashi (2005) for the two-phase three-component model.
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%g,mol =
∑
κ p
κ
g
R · T (4.7)
The viscosity of the gas phase in the two-phase two-component model is calculated accord-
ing to Fenghour et al. (1998), while the two-phase three-component model uses the Wilke
method (Poling et al., 2001) for computation. The water viscosity is obtained from the for-
mulation developed by Wagner et al. (2000) within both models.
Since both problems simulated within this work use an isothermal approach based on the virtu-
ally constant temperature resulting from the constant storage depth, the specific enthalpy and
specific internal energy of each phase as well as the heat conductivity of the porous medium
are not discussed here. Anyhow, both models are capable of being used for computation of
non-isothermal processes (Dogan, 2004; Kobayashi, 2005; Bielinski, 2007).
Relative permeability and capillary pressure are obtained using the equations according to van
Genuchten (1980) discussed in Chapter 3.6 (Soil Moisture Rentention).
The adsorption isotherm according to Langmuir (1918) was implemented into both models as
discussed in Chapter 3.3.3 (Langmuir Parameters). The two-phase three-component model
additionally considers CO2 adsorption on the clayey components of the hanging wall (c. Chap-
ter 4.4.1).
4.2.2 Flow and Transport Processes
Advection and Buoyancy
Advective flow of fluids is induced by a pressure gradient. This pressure gradient can also
be multi-dimensional resulting in multi-directional flow. However, density differences within a
phase or between multiple phases lead to buoyancy flow. Eq. 4.8 shows the Darcy Law for fluid
flow in porous media (valid for flow with Reynold ’s numbers below one). Here, the v represents
the Darcy velocity, Kf is the symmetric tensor of hydraulic conductivity (Darcy permeability)
and h the sum of the piezometric pressure head ( p%·g ) and the elevation head (z).
v = −Kf · ∇h (4.8)
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According to Helmig (1997) the generalized Darcy Law (c. Eq. 4.9) is applied for the description
of multi-phase flow in porous media. This involves the introduction of the relative permeability
kr, which only depends on the saturation of the phases, and the phase pressures pα.
vα = −krα
µα
·K · (∇pα − %α · g) (4.9)
Diffusion
Diffusion is driven by concentration or temperature gradients. Unlike advection and buoyancy,
diffusion has no specific spatial orientation. Therefore, its impact on flow and transport is equal
in each spatial direction. The Fickian approach (c. Eq. 4.10) is used to describe the flux (jκα) of
a dissolved component κ in a phase α (Atkins, 2001).
jκα = −%α ·Dκpm,α · ∇xκα (4.10)
The diffusion coefficient of a component κ in the phase α (Dκpm,α) can be calculated by using
the component’s binary diffusion coefficient in water (Dκα) and by involving the accessible flow
paths formulated by Falta et al. (1992) and modified by Class et al. (2002) (c. Eq. 4.11). The
tortuosity τ is used as a measure of the irregularity of these flow paths (c. Eq. 4.12).
Dκpm,α = τα · φ · Sα ·Dκα (4.11)
τα =
(φ · Sα) 73
φ2
(4.12)
The resulting formulation was parametrized using the characteristic lengths and energies (Boltz-
mann constant) of all involved molecules (H2O, CO2, N2/O2) according to Poling et al. (2001).
Further details on calculation of binary diffusion can be derived from Class et al. (2002) and
Kobayashi (2005).
Dispersion
Mechanical dispersion can be subdivided into micro- and macro-dispersion, which both depend
on the flow velocity of the considered fluid component. Micro-dispersion results from the velocity
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profile induced by the spatial distribution of soil grains and flow path related velocity fluctuation.
Macro-dispersion is caused by heterogeneities of the porous medium. The velocities in the porous
medium are relatively low within both models and additionally implementations of mechanical
dispersion are not available for multi-phase models at this time. Thus, mechanical dispersion is
not considered in any of the discussed models.
4.2.3 Mathematical Model
The two-phase two-component model is set up on three governing equations, while the two-phase
three-component model implies four balance equations. Both models use one mass balance
equation for each component (c. Eq. 4.13) and one thermal energy equation (c. Kobayashi
(2005)).
φ ·
∂
(∑
α %α · xκα · Sα +mκadsorbed,α
)
∂t︸ ︷︷ ︸
accumulation term
−
∑
α
∇ ·
{
krα
µα
· %α · xκα ·K · (∇pα − %α · g)
}
︸ ︷︷ ︸
convection term
−
∑
α
∇ · {Dκpm,α · %α · ∇xκα}︸ ︷︷ ︸
diffusion term
− qκ︸︷︷︸
source/sink term
= 0
(4.13)
The introduction of CO2 sorption on the porous medium (adsorbent agent) required the imple-
mentation of the adsorbed CO2 amount into both models as defined by the Langmuir (1918)
equation (c. Eq. 4.14).
mCO2adsorbed,α = m∞,CO2 ·
KCO2 · pg,CO2 ·XCO2g
1 +KCO2 · pg,CO2 ·XCO2g
· %adsorbent (4.14)
The following closure relationships are required to solve the three (two-phase three component
model) respectively four balance equations (two-phase three-component model):
• The sum of all saturations is equal to one (c. Eq. 4.15):
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∑
α
Sα = 1 (4.15)
• The sum of the capillary pressure and the pressure of the water phase is equal to the
pressure of the non-wetting phase (c. Eq. 4.16):
pg = pw + pc (4.16)
• The sum of mole respectively mass fractions of each phase adds up to one (c. Eq. 4.17):
∑
κ
xκα = 1 (4.17)
A detailed description of the adaptive choice of primary variables dependent on phase transition
of the involved components is listed in Bielinski (2007) for the two-phase two-component and
in Kobayashi (2005) for the two-phase three-component model.
The mass balance (c. Eq. 4.13) and energy balance equations (c. Kobayashi (2005)) require initial
and boundary conditions, since they formulate a transient flow problem. The initial conditions
are assigned to the modeling domain at the beginning of the simulation and are discussed
in detail in the Chapters 4.3.1 and 4.4.1. The boundary conditions define system-dependent
parameters during the complete simulation run. The numerical simulator MUFTE-UG provides
two different types of boundary conditions, which can vary over the simulation time (Helmig,
1997):
• The Dirichlet boundary condition defines the value of a primary variable at a system
boundary (phase saturation, pressure or temperature), while
• the Neumann boundary condition sets a flux over a boundary (mass/mole or energy flux).
4.2.4 Numerical Model
The non-linear system of partial differential equations introduced in Chapter 4.2.3 is solved
using numerical solution methods. The so-called box method is applied for space discretization
and a fully implicit Euler scheme for time discretization. The resulting equations are linearized
and solved using the Newton-Raphson method.
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Space Discretization
A node centered finite volume method (box method) as discussed in Helmig (1997) and Bastian
and Helmig (1999) is applied for space discretization. The box method uses two different grids,
where the primary grid (finite element grid) consists of the elements e and nodes Ki. The
secondary grid (box) represents a control volume (Bi) around each node and is constructed by
connecting the barycenters of the elements with the centers of the element edges (c. Fig. 4.4).
The values of the primary variables are calculated at the nodes of the primary grid and linearly
interpolated in between these nodes. Fluxes are approximated at the integration points, which
are located at the midpoint between the barycenters and the element edges. The insertion of
the approximated values into the balance equations integrated over a control volume produces
an error, which can be canceled using the weighted residual method after the integration over
the whole domain. The mobility
(
krα
µα
)
of the convection term (c. Eq. 4.13) is constant within
each element and is calculated assuming the value of the upstream node according to the Fully
Upwind method described by Helmig (1997).
control volume Bi
element e
barycenter of element e
subcontrol volumes bni
node Ki
finite element grid
integration
points
Figure 4.4: Control volumes used in box method, modified from Helmig (1997)
Time Discretization
The time discretization of the storage terms of the mass (c. Eq. 4.13) and energy balance
equations is described by a finite difference scheme (backward Euler method). This discretization
method is fully implicit and formulated in Eq. 4.18.
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∂u
∂t
≈ u
t+∆t − ut
∆t
= f
(
ut+∆t
)
(4.18)
Since f is evaluated at the next time step t + ∆t, the discretization scheme does not depend
on a stability criterion for the choice of the time step ∆t and therefore provides stable solu-
tions (Helmig, 1997; Class, 2001).
Linearization
Resulting from the nonlinear capillary pressure - saturation and relative permeability - saturation
relationships, the total system of differential equations is also nonlinear. Therefore, the Newton-
Raphson method is applied within both models to linearize the differential equations according
to Helmig (1997): a first-order Taylor series approximation is used at any arbitrary point close
to the exact solution. The root point of this approximation is determined and used in the Taylor
series approximation within the next iteration step. Using this iterative method, a solution can
be found close to the exact solution as illustrated in Fig. 4.5.
f(x)
Taylor series 
approximation for f(x)
x
f(x)
solution after 
first iteration
exact solution
Figure 4.5: Newton-Raphson method, modified from Helmig (1997)
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4.3 Carbon Dioxide Outgassing into the Longwall Face
Numerical simulations using the two-phase two-component model discussed in the prior sections
were conducted to quantify the amount of CO2 outgassing from the stowed gob area into the
longwall face. A major concern regarding safety regulations is the development of CO2 concen-
tration at the longwall face subsequent to the injection of the CO2 mining wastes suspension.
This was investigated by coupling the CO2 outgassing model with an analytical model involving
weathering data retrieved from the German mining research. Another focus was the evaluation
of the influence of the uncertain parameters such as water saturation and injection pressure on
the outgassing process. These parameters were varied and investigated regarding their impact
on the outgassing process within the scope of a detailed sensitivity analysis. Furthermore, both
models were compared within a benchmark applied on the CO2 outgassing problem to verify the
implementation of the two-phase three-component model.
4.3.1 Domain Description
The modeling domain for the quantification of CO2 outgassing into the longwall was set up as
illustrated in Fig. 4.6. It represents a gob area stowed with the CO2 mining wastes suspension
as discussed before. Aside from the left boundary, all boundaries were chosen to be defined by
Neumann boundary conditions. The left boundary was determined by the Dirichlet boundary
conditions with a defined water saturation (Sw), gas phase pressure (pg) and temperature (T ).
Thus, a mole (qα) or heat flux (qh) was only possible across the left boundary. The pressure
gradient between the longwall face located at the left side of the domain and the stowed gob
area is the driving force for CO2 outgassing.
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Neumann boundaries
qα = 0 mol/m2s
qh = 0 J/m2s
0.1 MPa 0.5 MPa
pg
10 m
2 m
initial conditions
SW = 0.85
pg   = 0.5 MPa
T   = 318.15 K
Dirichlet boundary
SW = 0.85
pg   = 0.1 MPa
T   = 318.15 K
Figure 4.6: Domain set up of the CO2 outgassing problem
The dimensions of the model (10 × 2 m2) were determined according the average daily progress
of German longwall workings and the average excavation height during longwall operations
in the three German mining districts (Ruhr, Saar and Ibbenbu¨ren). The values used for the
parametrization of the model are listed in Tab. 4.1. All parameters with exception of the diffusion
coefficient of CO2 in H2O (DCO2pm,w) and the residual gas saturation (Sgr) of the mining wastes
were determined in laboratory experiments.
Table 4.1: Values used for parameterization of the CO2 outgassing problem
Parameter Value Dimension Origin
Mining wastes (mw)
Porosity φ 0.3457 - observed (c. Chapter 3.2.1)
Dry density ρd 1,465 kg/m3
Langmuir (1918) pressure KCO2 4.6548 · 10−7 Pa−1 observed (c. Chapter 3.3.3)
Langmuir (1918) mass m∞,CO2 0.4496 mol/kg
Absolute permeability K 2.5 · 10−14 m2 observed (c. Chapter 3.5.1)
van Genuchten (1980) parameter α 1.29 · 10−3 - observed (c. Chapter 3.6)
van Genuchten (1980) parameter n 2.03 -
Residual water saturation Swr 0.648 -
Residual gas saturation Sgr 0.05 - assumed
Water component (w)
Diffusion coefficient DCO2pm,w 3.19 · 10−9 m2/s McLachlan and Danckwerts (1972)
Salinity S 0 mol/kg -
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4.3.2 Discretization
The model was discretized using 20,000 quadrilaterals (200 × 100 elements). Within the model
each element has a width of 0.05 m and a height of 0.02 m. Fig. 4.7 shows the discretized
domain and six observation nodes (node 0 to 5), which are positioned at constant intervals from
the horizontal midline of the domain. In addition to the analysis of mass balance development
within the modeling domain, these observation nodes were used to compare the CO2 outgassing
rate regarding their time-dependent development of CO2 mass fraction and water saturation.
The time step range was defined from 0.001 s (minimum time step size) to 600 s (maximum
time step size) to sufficiently represent the flow and transport processes during a simulated time
of 48 hours. The simulation results and the influence of the parameters investigated during the
sensitivity analysis are discussed in Chapter 4.3.3.
Figure 4.7: Domain discretization of the CO2 outgassing problem
4.3.3 Sensitivity Analysis
A sensitivity analysis was conducted for the two-phase two-component model to determine the
influence of certain parameters on the CO2 outgassing rate and flow processes in the domain.
Tab. 4.2 shows the investigated parameters with the applied variations. One parameter of
interest is the water saturation (Sw) of the injected CO2 mining wastes suspension, because the
dried bedrock absorbs the excess pore water (water content above the residual water saturation
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Swr) after the injection as described in Chapter 2.3.1 (Simultaneous Injection of CO2 and Mining
Wastes). Since a decrease in water saturation results in a higher relative permeability for the
gas phase as discussed in Chapter 3.6 (Soil Moisture Retention), the water saturation of the
mining wastes is one of the determining factors for CO2 outgassing from the stowed gob area.
Additionally, a change of the absolute permeability (K), the van Genuchten (1980) α and n
parameters and the injection pressure (= pg) was simulated to examine their impact on the
simulation results.
Table 4.2: Parameters and their variation investigated within the sensitivity analysis of the two-phase
two-component model (CO2 outgassing problem)
Parameter Value Dimension Remark
Water saturation Sw 0.85 - observed value
0.80 -
0.75 -
0.70 -
0.65 - residual water saturation Swr
Absolute 2.5 · 10−14 m2 observed value
Permeability K 5.0 · 10−14 m2 reduced permeability
2.5 · 10−13 m2 reduced permeability
van Genuchten (1980) α 1.29 · 10−3 - observed value
1.29 · 10−4 -
5.00 · 10−4 -
van Genuchten (1980) n 2.03 - observed value
1.50 -
2.50 -
Gas phase pressure pg 0.5 MPa assumed value
1.0 MPa maximum value
Impact of Investigated Parameters on CO2 Mass in the Modeling Domain
Since the decrease of CO2 mass in the modeling domain over time is applied for calculation of
the maximum CO2 concentration in the longwall face, it was used as a comparative value within
the sensitivity analysis.
Initial Water Saturation Fig. 4.8 shows the development of CO2 mass in the modeling domain
within a time range starting subsequent to the injection and ending 48 hours later. The initial
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CO2 mass in the domain depends on the water saturation, since a lower saturation results in a
higher amount of CO2 in the gas phase. Nevertheless, the CO2 outgassing rate is higher with
decreasing water saturation of the mining wastes. This is based on the relative permeability
- water saturation relationship described in Chapter 3.6 (Soil Moisture Retention). The total
CO2 outgassing from the stowed gob area increases from 12.3 to 18.6 % of the total CO2 mass in
the domain, when the initial water saturation is decreased from Sw = 0.85 to Sw = 0.65 ≈ Swr.
Hence, the CO2 outgassing rate would increase by 33.9 %, if the mining wastes initial water
saturation would be reduced to their residual water saturation resulting from maximum water
absorption by the collapsed bedrock.
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Figure 4.8: Development of CO2 mass in the CO2 outgassing problem domain after 48 hours for different
initial water saturations
In comparison to the development of CO2 mass in the modeling domain (c. Fig. 4.8), the
development of H2O mass is plotted in Fig. 4.9. While the decrease in H2O mass is relatively
low (1.42 % of total H2O mass) at an initial water saturation of Sw = 0.85, it becomes notably
lower (0.06 %), when Sw = 0.80 is applied as initial water saturation. The decrease of H2O
mass is very low for the Sw = 0.75 case with 0.02 % and negligible for initial water saturations
of Sw = 0.70 and Sw = 0.65 ≈ Swr. This results from the high capillary pressures required for
the removal of pore water from the mining wastes (c. Fig. 3.13).
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Figure 4.9: Development of H2O mass in the CO2 outgassing problem domain after 48 hours for different
initial water saturations
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Absolute Permeability As illustrated in Fig. 4.10, the doubling of absolute permeability from
K = 2.5 · 10−14 m2 to K = 5.0 · 10−14 m2 also doubles the CO2 outgassing rate. A change of
permeability to K = 2.5 · 10−13 m2 increases the CO2 outgassing rate approximately by one
magnitude. Accordingly, the permeability of the mining wastes subsequent to their injection
has a strong impact on the CO2 outgassing problem.
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Relative Permeability Fig. 4.11 demonstrates the impact of the van Genuchten (1980) pa-
rameters α and n on the development of CO2 outgassing into the longwall. The α parameters
influence on the CO2 outgassing rate is low (below 0.5 % of the initial CO2 amount in the do-
main), but a slight decrease of the outgassing rate is observable with decreasing α parameters.
However, the n parameter has a strong influence on the development of CO2 outgassing. This
behavior can be explained by the van Genuchten (1980) equations (c. Eqs. 3.7, 3.9 and 3.10):
while both parameters have a direct impact on the water saturation - capillary pressure relation-
ship stated in Eq. 3.7, only the n parameter occurs in the water saturation - relative permeability
relationship equations (Eqs. 3.9 and 3.10). Therefore, the α parameter has a direct impact on
capillary pressure, but not on relative permeabilities for the gas and water phases.
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Figure 4.11: Development of CO2 mass in the CO2 outgassing problem domain after 48 hours for dif-
ferent van Genuchten (1980) parameters
As illustrated in Fig 4.11, the CO2 mass in the domain decreases when the value of α is increased.
This is related to the water saturation - capillary pressure relationship of the mining wastes,
which is determined by the α parameter. Fig. 4.12 shows that decreasing α values result in
higher capillary pressures. Therefore, a higher gas pressure is required to replace the pore water
by the non-wetting phase. A higher water saturation of the mining wastes indirectly decreases
the relative gas permeability, which explains the slightly higher CO2 mass in the domain for
lower α values.
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Fig. 4.13 shows the impact of the variation of the n parameter. Its decrease results in a higher
capillary pressure of the mining wastes. This effect has a similar impact as the variation of
the α parameter. In contrast to the α parameter, the n parameter also appears in the water
saturation - relative permeability relationships, where its impact is stronger compared to the
water saturation - capillary pressure relationship. Fig. 4.14 demonstrates the consequences of
the n parameter variation on the water saturation - relative permeability relationships for the
gas and water phases. Its decrease increases the relative permeability for the gas phase (kr,n)
by about 25 %, while the relative permeability regarding the water phase (kr,w) is significantly
reduced. The latter effects a higher CO2 outgassing rate for the modeling domain.
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Injection Pressure The doubling of the CO2 mining wastes suspension injection pressure in-
creases the total amount of CO2 in the domain by about 42 % (c. Fig. 4.15). This effect is
related to the increased CO2 adsorption capacity of the mining wastes, which is mainly depend-
ing on the pressure of the gas phase. Since the pressure gradient, as a driving force of the CO2
outgassing, is significantly increased, the CO2 outgassing rate also rises from 12.3 to 19.2 %.
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Figure 4.15: Development of CO2 mass in the CO2 outgassing problem domain after 48 hours for two
different injection pressures
Impact of Investigated Parameters on CO2 Saturation in the Modeling Domain
The distribution of CO2 saturation in the modeling domain is important to understand multi-
phase flow and transport processes occuring in the stowed gob area. Since most of the CO2 in the
domain is adsorbed to mining wastes, at first the water component will react on the pressure
gradient. This can decrease the relative gas permeability at locations where peaks of water
saturation occur and therewith determine the CO2 outgassing rates. The nodes addressed in
Fig. 4.7 were used as observation points for the CO2 saturation (SCO2g ) at different coordinates
in the domain. The change of the CO2 saturation over the simulated time of 48 hours is plotted
in the figures within the following paragraphs.
Initial Water Saturation The impact of water saturation on the development of CO2 distribu-
tion within the modeling domain was investigated using the observation nodes plotted in Fig. 4.7.
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Figs. 4.16 and 4.17 show the differences in CO2 distribution regarding initial water saturations
of Sw = 0.85 and Sw = 0.65 ≈ Swr. This comparison was conducted to investigate the change
of CO2 outgassing in case the bedrock absorbs the excess pore water of the mining wastes up
to their residual water saturation. Since the water content in the gas phase is negligible in this
model, the gas saturation in the domain can be assumed to involve CO2 only. Thus, the increase
of gas saturation in the porous medium at the observation points describes the horizontal impact
of the pressure release and the development of CO2 desorption in the modeling domain.
A comparison of Figs. 4.16 and 4.17 illustrates that after 20 hours every observation point
experienced a pressure release, if an initial water saturation of Sw = 0.65 ≈ Swr is assumed for
the mining wastes. The Sw = 0.85 case shows a retarded impact of pressure release for the nodes
3 (y = 4 m, about 5 hours), 2 (y = 6 m, 13 hours), 1 (y = 8 m, more than 25 hours), while
the right border of the domain is not affected after a simulated time of 48 hours. Regarding
the Sw = 0.65 ≈ Swr case the right border of the domain is affected by the pressure release
after around 17 hours. Therefore, the CO2 outgassing rate is notably higher in the latter case
(c. Paragraph 4.3.3). The increase of gas saturation in the Sw = 0.65 ≈ Swr case is limited by
the residual water saturation of the mining wastes, while the Sw = 0.85 case shows a maximum
increase of about 28 % at node 5 (y = 0.1 m) and around 14 % at node 4 (y = 2 m) after
48 hours.
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Figure 4.16: Time-dependent development of CO2 saturation at the observation nodes for an initial
water saturation of Sw = 0.85
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Figure 4.17: Time-dependent development of CO2 saturation at the observation nodes for an initial
water saturation of Sw = 0.65
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Absolute Permeability A decrease of the absolute permeability by the factor of 2.5 induces
a retardation of the CO2 front and its gradient as plotted in Fig. 4.18. In this case node 2
(y = 6 m) does not show any increase in CO2 saturation after a simulated time of 48 hours.
The absolute permeability has a strong impact on the CO2 outgassing rate as discussed in the
comparison of the resulting CO2 mass balances from the variation of absolute permeability.
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Figure 4.18: Time-dependent development of CO2 saturation at the observation nodes for different
absolute permeabilities
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Relative Permeability The three different simulation runs using a selected range of van Genuchten
(1980) α parameters show nearly identical results. Slight variations of CO2 water saturation are
observable in Fig. 4.19. These result from the water saturation - capillary pressure relationship
as discussed before. The arrival time of the CO2 outgassing front is equal for each observation
node. Therefore, the impact of the α parameter can be neglected regarding the investigated
problem.
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0 10 20 30 40 50 60 70
C
O
2
 s
a
tu
ra
ti
o
n
 (
S
g
)
Time (hours)
CO2 saturation (dependent on van Genuchten n parameter)
α=5.0x10−4, n=2.0 − NODE 5 (0.10/1.00)
NODE 4 (2.00/1.00)
NODE 3 (4.00/1.00)
NODE 2 (6.00/1.00)
NODE 1 (8.00/1.00)
NODE 0 (9.90/1.00)
α=1.3x10−3, n=2.0 − NODE 5 (0.10/1.00)
NODE 4 (2.00/1.00)
NODE 3 (4.00/1.00)
NODE 2 (6.00/1.00)
NODE 1 (8.00/1.00)
NODE 0 (9.90/1.00)
α=1.3x10−4, n=2.0 − NODE 5 (0.10/1.00)
NODE 4 (2.00/1.00)
NODE 3 (4.00/1.00)
NODE 2 (6.00/1.00)
NODE 1 (8.00/1.00)
NODE 0 (9.90/1.00)
Figure 4.19: Time-dependent development of CO2 saturation at the observation nodes for different van
Genuchten (1980) α parameters
The van Genuchten (1980) n parameter has a higher impact on the CO2 saturation distribution
of the outgassing front at the observation nodes compared to the α parameter. Fig. 4.20 shows
that the arrival times of the CO2 front are nearly identical for all examined n parameters,
while the CO2 saturation is definitely higher, when these parameters are increased and vice
versa. Therewith, the n parameter has a notable impact on CO2 outgassing in terms of the
time-dependent development of the CO2 mass fraction at the observation nodes in the modeling
domain.
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Figure 4.20: Time-dependent development of CO2 saturation at the observation nodes for different van
Genuchten (1980) n parameters
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Injection Pressure An increase of the initial gas phase pressure results in a higher CO2 mass
in the domain as discussed in the paragraphs before, but it also has a high impact on the CO2
outgassing rate. Fig. 4.21 shows that a doubling of the injection pressure speeds up the increase
of CO2 saturation at the observation nodes of the domain by the factor of two. Additionally, it
has a notable impact on the development of the saturation gradient which is also increased.
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Figure 4.21: Time-dependent development of CO2 saturation at the observation nodes for different
initial gas phase pressures
4.3.4 Two-Phase Two-Component and Three-Component Model Comparison
The adapted two-phase three-component model was verified using the CO2 outgassing problem
by a comparison of the simulation results with those of the two-phase two-component model.
Since the adapted model involves a CO2 and an air component, the model comparison is limited
to the mass balance within the domain and not conducted for the distribution of CO2 saturation
at the observation nodes. A variation in the model setup was the initial CO2 saturation of the
domain. While a CO2 saturation of SCO2g ≈ 1 was assumed for the two-phase two-component
model, the saturations of the gas phase within the two-phase three-component model were
SCO2g = 0.9 and S
air
g = 0.1.
Fig. 4.22 shows a comparison of the development of total CO2 mass in both modeling domains.
The initial total CO2 mass (sum of CO2 adsorbed to mining wastes, CO2 dissolved in water and
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CO2 in gas phase) in the two-phase three-component model domain is around 15 kg (≈ 10.1 %)
below the total CO2 mass in the two-phase two-component model domain. After a simulated
time of 48 hours the difference between both models is reduced to 8.49 % of the total mass, indi-
cating that the CO2 outgassing behavior is slightly retarded by the two-phase three-component
model. Thus, the influence of each CO2 state (adsorbed, dissolved, in gas phase) needs to be
taken into account to understand the reasons for the variation of nearly 10 %.
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Figure 4.22: CO2 outgassing problem benchmark - development of the total CO2 mass in the two-phase
two-component (2p2c) and three-component (2p3c) modeling domains
Fig. 4.23 illustrates that the difference in mass balance regarding both models is primarily related
to the CO2 mass adsorbed on the mining wastes. Initially, the adsorbed CO2 mass in the two-
phase three-component model is around 8.26 % lower than in the two-phase two-component
modeling domain. This variation results from the higher CO2 saturation in the gas phase of the
latter model, because the CO2 saturation in the domain has a direct impact on the adsorbed
CO2 mass as stated in Eq. 4.14. The difference between the CO2 mass in both models is at
6.77 % after a simulated time of 48 hours, also indicating a lower CO2 outgassing rate for the
applied two-phase three-component model.
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Figure 4.23: CO2 outgassing problem benchmark - development of the CO2 mass adsorbed on min-
ing wastes in the two-phase two-component (2p2c) and three-component (2p3c) modeling
domains
The CO2 mass dissolved in water within the domain is about 16.95 % higher for the two-phase
two-component model (c. Fig. 4.24). This may be explained by differences in the calculation of
the CO2 solubility in water within both models. Both models comprise the calculation of the
pressure and temperature-dependent CO2 solubilities in water according to the EOS developed
by Duan and Sun (2003), but the two-phase three-component model also involves the mole
fraction of CO2 in the calculation of solubility. Since the initial mole fraction of CO2 in the gas
phase in the domain is lower in the latter model, the mass of CO2 dissolved in water is also
lower. At the end of the simulation (48 hours) the mass difference is reduced to 13.73 %, again
indicating a lower CO2 outgassing rate for the two-phase three-component model.
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Figure 4.24: CO2 outgassing problem benchmark - development of the CO2 mass dissolved in water in
the two-phase two-component (2p2c) and three-component (2p3c) modeling domains
The difference in the CO2 mass in the gas phase of both modeling domains is plotted in Fig. 4.25.
It is about 11.36 % higher for the two-phase two-component model, since the two-phase three-
component model involves an additional component (N2/O2) with an initial saturation of Sairg =
0.1. After a simulated time of 48 hours this difference is reduced to around 10 %.
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Figure 4.25: CO2 outgassing problem benchmark - development of the CO2 mass in the gas phase in
the two-phase two-component (2p2c) and three-component (2p3c) modeling domains
The development of the H2O mass in both model domains is compared in Fig. 4.26. The
difference between both models is negligible (below 0.02 %), but a slightly faster water release is
observable in the two-phase two-component modeling domain after a simulated time of 48 hours.
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Figure 4.26: CO2 outgassing problem benchmark - development of the H2O mass in the two-phase
two-component (2p2c) and three-component (2p3c) modeling domains
80
4.3 Carbon Dioxide Outgassing into the Longwall Face
Both models show a good consistency considering the investigated parameters. The differences
are related to the air component implemented in the two-phase three-component model. This
induces an initial CO2 saturation in the gas phase of SCO2g < 1.0 and notably reduces the CO2
mass in the gas phase (about 1 kg for the domain), the CO2 mass adsorbed to the mining
wastes (around 9 kg) and the CO2 mass dissolved in water (by around 5 kg). The reduction of
CO2 mass related to the presence of the air component sums up to around 15 kg for the whole
domain.
The CO2 outgassing rate is lower by around 16.2 %, when the two-phase three-component model
is used for the investigation of the CO2 outgassing problem. This reduction is mainly caused by
the presence of the air component, which involves the calculation of the diffusion coefficient using
the equations discussed in Chapter 4.2.2. However, the diffusion coefficient of CO2 in water was
assumed as a constant in the two-phase two-component model (c. Tab. 4.1). Additionally, the
Fickian diffusion term is also depending on the (initially lower) CO2 saturation of the gas phase
regarding the binary diffusion model and therefore reduces the overall CO2 outgassing rate in
the two-phase three-component model.
4.3.5 Results
The CO2 outgassing from a stowed gob area into the longwall was investigated by using two
different numerical models. The modeling work started with the adaptation of the two-phase
two-component (H2O and CO2) model originally developed by Bielinski (2007). This model was
extended within this work by implementing CO2 adsorption on mining wastes to represent their
sorptive CO2 storage capacity within the computations. Since the model parametrization was
mainly based on experimental results, parameter uncertainties had to be taken into account by
a sensitivity analysis to examine the impact of their variation. The sensitivity analysis showed
that the most influential parameters on the CO2 outgassing rate are the injection pressure of
CO2 mining wastes suspension, also increasing the total CO2 mass in the modeling domain by
about 46 %, and the absolute permeability of the injected mining wastes.
Using data for longwall weathering dimensioning derived from the German mining research
(DMT, pers. comm., 2007, c. Tab. 4.3), an analytical model was implemented for the compu-
tation of the time-dependent development of CO2 concentration at the longwall face. Thereby,
the values printed in Tab. 4.1 were assumed for the standard scenario.
The development of CO2 concentration at the longwall face subsequent to the injection of the
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CO2 mining wastes suspension is plotted in Fig. 4.27. According to TRGS 900 (2006) the max-
imum allowable concentration (MAC) for CO2 is limited to 0.5 % by occupational health and
safety regulations in Germany. Regarding the standard scenario, it is exceeded after approxi-
mately 30 seconds for a period of nearly 20 minutes and has its maximum at 200 s with a value of
1.37 % (274 % of the MAC). Since possible worst-case scenarios resulting from higher injection
pressures or higher absolute permeabilities of mining wastes would induce higher maximum CO2
concentrations at the longwall face, a sealing pack system as described in Chapter 2.4.2 (Un-
certainties and Risks) is necessary to protect the health of staff working in the longwall, when
the described storage technique is applied. The implementation of the discussed barrage system
could prevent lateral CO2 outgassing into adjacent drifts and workings. Therefore, only verti-
cal CO2 outgassing through the hanging wall above the stowed gob area remains as a concern
regarding the security risks and efficiency of this application.
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Figure 4.27: Development of CO2 concentration at the longwall face subsequent to the injection of the
CO2 mining wastes suspension into the gob area
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Table 4.3: Values used for calculation of the time-dependent CO2 concentration at the longwall face
Parameter Value Dimension
Longwall length 500 m
Longwall volume 2000 m3
Longwall volume/RM 4 m3
Stowage ratio 0.71 -
Weather flow 22.5 m3/s
CO2 density at longwall face 1.67 kg/m3
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4.4 Carbon Dioxide Migration through the Hanging Wall
The application of road side packs and alternating injections of CO2 mining wastes suspension
and sealing packs would prevent lateral CO2 outgassing from the stowed gob area as described
in Chapter 2.4.2 (Uncertainties and Risks). Hence, the migration through the hanging wall had
to be investigated regarding the temporal progress of the upward migrating CO2 front. The two-
phase three-component model discussed in the previous section was applied for the computation
of this problem, since the hanging wall is initially not saturated with CO2. Therefore, a second
component in the gas phase was required to sufficiently represent the conditions in the hanging
wall. The temporal progress of the CO2 front through the hanging wall is relevant to determine
the arrival times of the stored CO2 at workings, shafts or drifts located at lower depths above
the stowed gob area.
4.4.1 Domain Description
Fig. 4.28 shows the domain set up for the investigation of the CO2 migration problem. The
dimensions of the stowed gob area were retained from the CO2 outgassing problem (10 × 2 m2)
and a section of the hanging wall (10 × 48 m2) was additionally implemented into the modeling
domain. Therewith, the new dimensions of the modeling domain add up to 10 × 50 m2. Aside
from the top boundary, all boundaries are described by the Neumann conditions preventing any
mole or heat flux across the lateral and bottom boundaries of the domain. To avoid an oscil-
lating behavior of the gas phase pressure by reflection at the top boundary, Dirichlet boundary
conditions were applied at the top boundary. The initial and boundary conditions of the CO2
migration problem are printed in Fig. 4.28. Additionally, a linear decrease of absolute perme-
ability was assumed for the hanging wall to represent the impact of the mined cavity on the
overburden. A higher permeability at the bottom of the hanging wall (Kmax,br = 2.5 ·10−14 m2)
is assumed in comparison to its top (Kmin,br = 1.0 · 10−16 m2). This assumption is based on the
settlement behavior of the hanging wall discussed in the Chapters 2.3.1 (Simultaneous Injection
of CO2 and Mining Wastes) and 3.2.2 (High-Pressure Oedometer Tests), as well as on the mining
wastes permeability. The latter fill the mining induced fractures and cracks in the hanging wall
subsequent to their injection into the gob area. According to data retrieved from the German
mining research (DMT 2007, pers. comm.), the values printed in Tab. 4.4 represent the perme-
ability range of a worked hanging wall affected by longwall mining operations. Additionally to
the linear absolute permeability decrease in the top direction of the domain, a pressure gradient
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is defined as driving force for the upward CO2 migration. The initial gas phase pressure above
the stowed gob area is 0.1 MPa subsequent to the injection of the CO2 mining wastes suspension,
while the stowed gob area comprises an initial gas phase pressure of 0.5 MPa for the standard
scenario.
Dirichlet boundary
Sw = 0.3 
xgCO2 = 0.1
T = 318.15 K
0.5 MPa
pg
10 m
2 m
hanging wall
48 m
K
10-16 m2
10-14 m2
10-14 m2
stowed gob area
0.1 MPa
initial conditions
Sw = 0.3; xgCO2 = 0.1; T = 318.15 K
initial conditions
Sw = 0.95; xgCO2 = 0.9; T = 318.15 K
Neumann boundaries
qα = 0 mol/m2s
qh = 0 J/m2s
Figure 4.28: Domain set up of the CO2 migration problem
Tab. 4.4 shows the values used for the parametrization of the CO2 migration problem. The
mining wastes’ parameters were retained from the CO2 outgassing problem, while the parameters
of the bedrock were implemented according the results of laboratory experiments and generic
assumptions of the van Genuchten (1980) parameters. In comparison to the mining wastes the α
parameter of the clayey bedrock was decreased by two magnitudes to reflect its higher capillary
entry pressure.
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Table 4.4: Values used for parametrization of the CO2 migration problem
Parameter Value Dimension Origin
Mining wastes (mw)
Porosity φmw 0.3457 - observed (c. Chapter 3.2.1)
Dry density ρd,mw 1,465 kg/m3
Langmuir (1918) pressure KCO2,mw 4.6548 · 10−7 Pa−1 observed (c. Chapter 3.3.3)
Langmuir (1918) mass m∞,CO2,mw 0.4496 mol/kg
Absolute permeability Kmw 2.5 · 10−14 m2 observed (c. Chapter 3.5.1)
van Genuchten (1980) parameter αmw 1.29 · 10−3 - observed (c. Chapter 3.6)
van Genuchten (1980) parameter nmw 2.03 -
Residual water saturation Swr,mw 0.648 -
Residual gas saturation Sgr,mw 0.05 - assumed
Bedrock (br)
Porosity φbr 0.2 - assumed (worked roof)
Dry density ρd,br 2,500 kg/m3 Junker et al. (2006)
Langmuir (1918) pressure KCO2,br 4.46 · 10−7 Pa−1 Busch et al. (2007a)
Langmuir (1918) mass m∞,CO2,br 0.326 mol/kg Busch et al. (2007a)
Absolute permeability
At bottom Kmax,br 2.5 · 10−14 m2 observed (c. Chapter 3.5.1)
At top Kmin,br 1.0 · 10−16 m2 (DMT 2007, pers. comm.)
van Genuchten (1980) parameter αbr 4.0 · 10−5 - assumed
van Genuchten (1980) parameter nbr 2.03 -
Residual water saturation Swr,br 0.2 -
Residual gas saturation Sgr,br 0.01 -
4.4.2 Discretization
The hanging wall model was discretized using 16,000 quadrilaterals (40 × 400 elements). Thus,
each element has a width of 0.25 m and a height of 0.125 m. Fig. 4.29 shows the discretized
domain and ten observation nodes (nodes 0 to 7, A and B), which are positioned on the vertical
midline at increasing intervals from the bottom of the domain (stowed gob area). Additionally,
two nodes (A and B) were placed between the observation nodes 6 and 7 for a detailed inves-
tigation of the water and CO2 front movement above the stowed gob area, which is discussed
within the scope of the sensitivity analysis. The observation nodes were used for the comparison
of the CO2 outgassing rates regarding the CO2 mole fraction and water saturation at different
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simulated times.
The time step range was defined from 0.001 s (minimum time step size) to 49 days (maximum
time step size) to sufficiently represent the flow and transport processes during a simulated time
of 50 years. The simulation results and the influence of parameters investigated during the
sensitivity analysis are discussed in Chapter 4.4.3.
Figure 4.29: Domain discretization of the CO2 migration problem
4.4.3 Sensitivity Analysis
The impact of the applied modeling parameters on the temporal progress of the CO2 migration
front was investigated by their variation. Tab. 4.5 shows the parameters examined within the
framework of the sensitivity analysis. Different initial water saturations and initial gas phase
pressures were applied for the CO2 migration problem. Considering the worked hanging wall,
its minimum absolute permeability was increased by two magnitudes to reflect an increased
occurrence of potential flow paths. Additionally, a linear porosity distribution was implemented
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for the hanging wall to represent a decrease in porosity related to the decrease in permeability
at higher levels of the hanging wall as discussed in Chapter 4.4.1. The impact of the examined
parameter variations is presented in terms of the development of the CO2 saturation at selected
observation nodes within the following sections of this work.
Table 4.5: Parameters and their variation investigated within the sensitivity analysis of the two-phase
three-component model (CO2 migration problem)
Parameter Value Dimension Remark
Mining wastes (mw)
Water saturation Sw,mw 0.95 - observed value
0.80 -
0.65 - residual water saturation Swr,mw
Gas phase pressure pg,mw 0.5 MPa injection area only
1.0 MPa maximum injection pressure
Bedrock (br)
Absolute 1.0 · 10−14 m2
Permeability Kbr,min 1.0 · 10−15 m2
1.0 · 10−16 m2 assumed value
Constant porosity φbr 0.2 - assumed value
Linear porosity φbr,min 0.1 - top of domain
Linear porosity φbr,max 0.3 - lower border of bedrock
Initial Water Saturation of the CO2 Mining Wastes Suspension
The initial water saturation of the mining wastes should have a high impact on the CO2 migration
rate, since the relative gas permeability strongly depends on the water saturation of the porous
medium. If the mining wastes are saturated about their point of residual water saturation,
the excess water is transported upwards as a result of the expansion of the gas phase, which
is initially pressurized in the pore space of the stowed gob area. This affects the upward CO2
movement in terms of a retardation by the reduction of gas permeability. Fig. 4.30 shows the
temporal development of the CO2 saturation at the selected observation nodes for a time span
of 50 years. The observation nodes 7 (y = 1 m) and 6 (y = 2 m), both located in the stowed
gob area, experience an increase of the CO2 saturation subsequent to the injection of the CO2
mining wastes suspension. The CO2 saturation peak at node 7 (y = 1 m) appears after the peak
at node 6 (y = 2 m) as a result of retarded CO2 desorption from the mining wastes, which is
88
4.4 Carbon Dioxide Migration through the Hanging Wall
initiated by the pressure release in the gas phase. The CO2 saturation at node 5 (y = 5 m) is
spontaneously increased by about 600 % at the eighth day of the simulated time as plotted in
Figs. 4.30 and 4.31. Node 4 (y = 10 m) shows an increased CO2 saturation after about 100 days.
The CO2 front migrating through the hanging wall arrives at observation node 3 (y = 20 m)
after a simulated time of approximately 4 years, at node 2 (y = 30 m) after 11 years and at
node 1 (y = 40 m) after around 25 years. Node 0 (y = 49.9 m) does not experience any increase
in CO2 saturation during the simulated time of 50 years.
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Figure 4.30: Time-dependent development of CO2 saturation at the observation nodes for an initial
water saturation of Sw = 0.95 (50 years)
Within the first two weeks of the simulated time the upward transport of the mining wastes excess
water induces a retardation of the CO2 migration by a decrease of relative gas permeability. This
effect is described by the curves representing the CO2 saturation at the nodes B (y = 3 m) and
A (y = 4 m) plotted in Fig. 4.31. After a simulated time of about 3 days node B experiences
a fast increase of CO2 saturation by about 350 %. This spontaneous increase is induced by the
upward movement of the excess water front, which is consumed by gravitational and viscous
forces between the nodes B (y = 3 m) and 5 (y = 5 m) as observable in Fig. 4.32. The water
saturation increase rate is nearly constant at node A (y = 4 m) after a simulated time of 30 days
and starts to increase slightly at node 5 (y = 5 m). The sealing effect of the excess water is
visualized by a drop of CO2 saturation at node B (y = 3 m) after a simulated time of about
5 days. After the eighth day the CO2 saturation at node B (y = 3 m) increases as a result from
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further upward movement of the excess water front observable in Fig. 4.32.
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Figure 4.31: Time-dependent development of CO2 saturation at the observation nodes for an initial
water saturation of Sw = 0.95 (90 days)
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Figure 4.32: Time-dependent development of H2O saturation at the observation nodes for an initial
water saturation of Sw = 0.95 (90 days)
An increase of CO2 saturation by about 600 % can be observed for node A (y = 4 m) with
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the arrival of excess water after approximately 3 days. The sharp increase in CO2 saturation
at node 5 (y = 3 m) is also related to the upward movement of the excess water front. At the
ninth day the water front arrives at node 5 and is subsequently followed by the CO2 migration
front. The observation nodes located above node 4 (y = 10 m) do not record any water front
arrival during the simulated time of 50 years.
Regarding in situ conditions, the decrease of the initial water saturation of the mining wastes
towards their residual water saturation may be induced by absorption of excess water on the
collapsed surrounding rocks. In this case the discussed sealing effect resulting from the upward
movement of excess water would be less determinable for the upward migration of the CO2 front,
since the retardation effect would not occur. This assumption is supported by the results of the
simulation for an initial water saturation of Sw = Swr (c. Fig. 4.33). The upward movement of
the CO2 front is mainly limited by its consumption related to adsorption on the hanging wall.
This effect is determined by a sharp appearance of the CO2 front as plotted in Fig. 4.34. The
nodes B (y = 3 m), A (y = 4 m) and 5 (y = 5 m) experience the CO2 front arrival within one
to five days also increasing their initial CO2 saturation by about 600 %.
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Figure 4.33: Time-dependent development of CO2 saturation at the observation nodes for an initial
water saturation of Sw = Swr (50 years)
Fig. 4.34 shows that the CO2 saturation slightly decreases, when the CO2 front passes the nodes
B (y = 3 m), A (y = 4 m) and 5 (y = 5 m). This is caused by CO2 adsorption on the clayey
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components of the hanging wall and the gas volume expansion. In comparison to the standard
scenario (Sw = 0.95), the CO2 front appears at the observation nodes after a shorter time also
involving a higher CO2 saturation. It arrives about 2 years earlier at node 2 (y = 30 m) and
around 8 years earlier at node 1 (y = 40 m). However, node 0 (y = 49.9 m) does not experience
any increase in CO2 saturation after the simulated time of 50 years, which is mainly related to
the CO2 consumption by sorption on the clayey components of the hanging wall as discussed
later within this section.
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Figure 4.34: Time-dependent development of CO2 saturation at observation nodes for an initial water
saturation of Sw = Swr (90 days)
Injection Pressure of the CO2 Mining Wastes Suspension
The increase of injection pressure of the CO2 mining wastes suspension has a notable impact
on the upward movement of excess water in the modeling domain. Fig. 4.35 shows the upward
migration of the H2O front in terms of its time-dependent saturation at the observation nodes.
In this case a sharp water front appears at node B (y = 3 m) after 2 days with a saturation
maximum of 0.65 after approximately four days. After 4 days the water saturation increases
at node 5 (y = 5 m) without any appearance of a sharp front. This indicates that the forward
movement is already being consumed by gravitational and viscous forces. The H2O front arrives
at node 5 (y = 5 m) about 4 days earlier than in the standard scenario. After 35 days a slight
increase of water saturation is observable at node 4 (y = 10 m). This observation node did
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not experience any increase in water saturation in the standard scenario. Therefore, the higher
injection pressure of the CO2 mining wastes suspension has a relevant impact on the migration
height of the water front.
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Figure 4.35: Time-dependent development of H2O saturation at observation nodes for an injection
pressure of 1.0 MPa (90 days)
Regarding the long-term development of the CO2 saturation in the modeling domain the in-
creased injection pressure leads to a faster upward migration of the CO2 front and increased
maximum values in saturation (c. Fig. 4.36). For example, the CO2 front appears at node 4
(y = 10 m) notably earlier than in the standard scenario involving a maximum that is about
twice as high. In comparison to the standard scenario the CO2 front arrival is observable by
about 1.5 years earlier at node 3 (y = 20 m) and 7.5 years earlier at node 2 (y = 30 m). Node 1
(y = 40 m) does experience a CO2 saturation increase after 12.5 years (25 years in the standard
scenario). Again, the CO2 adsorption on the clayey components of the hanging wall avoids a
breakthrough of the CO2 front to node 0 (y = 49.9 m) during the simulated time (47 years).
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Figure 4.36: Time-dependent development of CO2 saturation at the observation nodes for an injection
pressure of 1.0 MPa (47 years)
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Absolute Permeability of the Hanging Wall
The increase of absolute permeability at the top of the hanging wall to Kmin,br = 1.0 · 10−15 m2
results in a remarkably faster upward CO2 migration in the modeling domain as indicated in
Fig. 4.37: the CO2 front arrives about 2.5 years earlier at the nodes 3 (y = 20 m), 2 (y = 30 m)
and 1 (y = 40 m) compared to the standard scenario. Node 0 is not affected by the CO2 front.
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Figure 4.37: Time-dependent development of CO2 saturation at the observation nodes for an increased
minimum absolute permeability of the hanging wall (Kmin,br = 1.0 · 10−15 m2)
A further increase of the absolute permeability to Kmin,br = 1.0 ·10−14 m2, which is only slightly
below the permeability of the injected CO2 mining wastes suspension, induces a sharper front
appearance at the nodes 5 (y = 5 m) to 4 (y = 10 m), while the CO2 saturation is similar with
the Kmin,br = 1.0 ·10−15 m2 case (c. Fig. 4.38). An additional decrease in arrival time of around
2.5 years is observable at the nodes 3 (y = 20 m), 2 (y = 30 m) and 1 (y = 40 m). Again,
the observation node at the top of the domain (node 0, y = 49.9 m) does not experience any
increase in CO2 saturation.
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Figure 4.38: Time-dependent development of CO2 saturation at the observation nodes for an increased
minimum absolute permeability of the hanging wall (Kmin,br = 1.0 · 10−14 m2)
96
4.4 Carbon Dioxide Migration through the Hanging Wall
Linear Porosity Distribution in the Hanging Wall
A linear porosity distribution for the worked hanging wall was implemented to reflect its in-
creasing integrity with decreasing depth. To this end the minimum porosity at the top of the
hanging wall was defined as φmin,br = 0.1 and the maximum porosity at the intersection between
the stowed gob area and the hanging wall as φmax,br = 0.3. Fig. 4.39 shows that the porosity
change increases the speed of the upward migration of the CO2 front. Besides the formation of
sharper saturation fronts at the selected observation nodes, the CO2 saturation is notably higher
at certain nodes (e.g. node 4 located at y = 10 m), since additional pore volume is available up
to a height of y = 30 m, where the porosity of the hanging wall is exactly equal to the porosity
assumed for the whole hanging wall in the standard scenario. The reduced porosity above the
coordinate y = 30 m does not increase the arrival times of the CO2 front at the observation
nodes 3 (y = 20 m), 2 (y = 30 m) and 1 (y = 40 m). However, these are decreased by approx-
imately 1.8, 2.5 and 5 years by the faster upward migration resulting from higher porosities at
the lower levels of the domain. The CO2 front does not appear at the uppermost node after a
simulated time of 50 years.
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Figure 4.39: Time-dependent development of CO2 saturation at the observation nodes for a linear
porosity distribution in the hanging wall (0.1 < φbr < 0.3)
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Neglect of CO2 Adsorption on the Clayey Components of the Hanging Wall
The analysis conducted within this section confirms that CO2 sorption on clayey components of
the hanging wall is the most relevant parameter for its integrity. Taking into account that CO2
is not adsorbed by the components of the hanging wall, the development of CO2 saturation at
the selected observation nodes for a time span of 90 days is plotted in Fig. 4.40. The neglect of
CO2 sorption induces a remarkably high CO2 migration rate involving saturation maxima up to
the residual water saturation of the hanging wall (Sg = 1− Swr,br). The stowed gob area below
node 7 (y = 1 m) shows a high CO2 outgassing rate within the first 30 days of the simulated
time. In parallel an increase of CO2 saturation is observable at node 6 (intersection of stowed
gob area and hanging wall, y = 2 m). Sharp contoured CO2 arrival fronts appear after only
a few days at the nodes 5 (y = 5 m, arrival at first day), 4 (y = 10 m, arrival at first day), 3
(y = 20 m, arrival at second day, CO2 front sharpness slightly decreased), 2 (y = 30 m, arrival
at fourth day, also involving a decrease in the sharpness of the front) and 1 (y = 40 m, arrival at
tenth day, less sharper CO2 front). The top of the domain is affected by the upward migrating
CO2 front at the 18th day of the simulation.
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Figure 4.40: Time-dependent development of CO2 saturation at the observation nodes without CO2
sorption on the clayey components of the hanging wall (90 days)
The CO2 migration from the stowed gob area is still progressing after a simulated time span of
50 years, since the equilibrium is not achieved within the modeling domain (c. Fig. 4.41). After
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a simulated time of one year a further increase in CO2 saturation is not observable at any of
the selected nodes. The main outgassing from the stowed gob area is concluded after six years
followed by a constant decrease in CO2 saturation at node 6 (y = 2m). The nodes 5 (y = 5 m)
to 1 (y = 40 m) show a strong decrease in CO2 saturation from approximately 0.68 to below 0.2
within the simulated time span of 50 years. A variation in the development of CO2 saturation
can be determined for node 5 (y = 5 m) within the first 7.5 years of the simulation. The water
front also migrating in upward direction induces a faster decrease of CO2 saturation at this node
within the first 7.5 years as discussed in the Initial Water Saturation of the CO2 Mining Wastes
Suspension section. This behavior is reverted after a simulated time of around 20 years, when
the CO2 saturation at node 5 (y = 5 m) excesses the saturation at node 4 (y = 10 m).
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Figure 4.41: Time-dependent development of CO2 saturation at the observation nodes neglecting CO2
sorption on the clayey components of the hanging wall (50 years)
4.4.4 Results
The CO2 upward migration through the hanging wall above the stowed gob area was investigated
by application of a two-phase three-component model involving the components H2O, CO2 and
N2/O2. Ten observation nodes positioned at the vertical midline of the domain were used
to examine the temporal development of CO2 saturation and therewith upward migration of
CO2 that is outgassing from the stowed gob area. Within the scope of the sensitivity analysis
different parameters were varied to study their impact on the CO2 migration rate. Thereby, two
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particular effects were observed, both involving a high impact on the temporal development of
upward CO2 migration.
The first effect is related to the additional upward migration of excess water from the stowed gob
area. This process is determined by the pressurized gas phase in the stowed gob area and takes
place until its kinetic energy is consumed by gravitational and viscous forces. The presence of
this water front induces a strong decrease in relative gas permeability as discussed in the section
before and therewith notably retards the upward migration of the CO2 front.
The second effect is the impact of CO2 sorption on clayey components of the hanging wall.
Independently of the varied parameters, the CO2 front did not arrive at the uppermost node
of the domain. This results from the consumption of the migrating CO2 by adsorption on the
clayey components of the hanging wall. As illustrated in Fig. 4.42, the average CO2 sorption
capacity of the mining wastes is approximately 0.085 mmol/g at 0.5 MPa and 0.145 mmol/g
at 1.0 MPa. Since the CO2 sorption capacity of the hanging wall is around 0.015 mmol/g at
0.1 MPa and its thickness in the modeling domain exactly 24 times the thickness of the stowed
gob area, the hanging wall is capable of adsorbing nearly twice the mass of the CO2 injected
into the gob area at pressures up to 1.0 MPa.
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Figure 4.42: Comparison of sorption capacities of Bottrop mining wastes and Muderong shale (hanging
wall), measured at 45 ◦C
Further parameters in the order of their impact on CO2 upward migration rate are absolute
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permeability, porosity and initial water saturation of the hanging wall, which can decrease the
arrival times of the CO2 front at the upper observation nodes by up to 12.5 years. In contrast
to these parameters the neglect of CO2 ad- and desorption results in an arrival of the CO2 front
after only 20 days at the uppermost node of the modeling domain.
4.5 Results of Numerical Simulations and Discussion
A two-phase two-component and a two-phase three-component model were used to simulate
the CO2 outflow from a gob area stowed with a CO2 mining wastes suspension as discussed in
Chapter 2.3.1 (Simultaneous Injection of CO2 and Mining Wastes). Both models were extended
by the Langmuir (1918) equation to involve CO2 adsorption on the mining wastes and the clayey
components of the hanging wall.
The extended two-phase two-component model involving the components H2O and CO2 was
applied for the investigation of CO2 outgassing from the stowed gob area into the longwall face.
Uncertainties were taken into account by an extended sensitivity analysis that was also conducted
to determine the most influential parameters considering the CO2 outgassing rate. This analysis
revealed the most relevant parameters as injection pressure of the CO2 mining wastes suspension
and its absolute permeability subsequently to injection into the gob area. Based on the CO2
mass that outgassed from the modeling domain into the direction of the longwall, the temporal
development of CO2 concentration in the longwall was calculated for the standard scenario using
an analytical model that was developed within this work. Regarding the German regulations
for hazardous materials defined in TRGS 900 (2006), the maximum allowable concentration
of CO2 in the longwall is exceeded by about 270 % for nearly 20 minutes subsequent to the
injection of the CO2 mining wastes suspension. Additionally, the standard scenario does not
involve potential worst-case scenarios (higher permeabilities of the mining wastes or higher
injection pressures) that could remarkably increase the exceeding of the maximum allowable
CO2 concentration at the longwall face. Therefore, an alternating injection of sealing packs as
suggested in Chapter 2.4.2 (Uncertainties and Risks) is required to maintain a CO2 concentration
below the MAC value in the longwall and to ensure the efficiency of the introduced CO2 storage
techniques.
Within the scope of this work a two-phase three component model involving the components
H2O, CO2 and N2/O2 was implemented as discussed at the beginning of this chapter and also
extended by the Langmuir (1918) equation. It was verified using the CO2 outgassing problem
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by a comparison of the results with those of the two-phase two-component model. Both models
show a good consistency considering the presence of the air component in the two-phase three-
component model, since it decreases the mass of CO2 in the gas phase. The CO2 mass adsorbed
on the mining wastes and dissolved in water is calculated by using the CO2 saturation of the gas
phase and are therefore also lower within the latter model. The diffusive flux is also determined
by the CO2 saturation of the gas phase and is therewith retarded in comparison to the two-phase
two-component model. Thus, the latter model shows a CO2 outgassing rate slightly increased by
16.2 % due to its higher CO2 saturation in the gas phase, and therefore also comprises a relatively
higher content of CO2 of approximately 10 % in comparison to the two-phase three-component
model.
The implementation of sealing packs, as proposed in Chapter 2.4.2 (Uncertainties and Risks),
prevents lateral CO2 outgassing from the stowed gob area. Since the worked hanging wall does
not comprise its residual parameters after the mining operation, its integrity regarding CO2
migration into lower depths of the mine is of major interest. The introduced two-phase three-
component model was applied for the computation of the upward migration of a CO2 front from
a stowed gob area into a hanging wall. The influential parameters named for the simulation of
the CO2 outgassing problem have a comparable impact here, but the CO2 front did not arrive at
the uppermost observation node of the domain within any of the simulation runs caused by CO2
sorption on the clayey components of the hanging wall. Two remarkable effects were observed
during the simulations: the retarding effect of excess water that was pushed upwards by the
gas phase pressurized in the stowed gob area, and the high impact of CO2 adsorption by the
clayey components of the hanging wall. The first effect is related to the decrease of relative gas
permeability by the presence of water in the pore space of the hanging wall. Thus, the overall
upward migration of the CO2 front was retarded by several years. Additionally the impact of
the CO2 sorption on the components of the hanging wall has a high influence on the CO2 storage
security of the introduced techniques. Since the hanging wall is capable of adsorbing twice the
CO2 mass that is initially adsorbed on the mining wastes at an injection pressure of 1.0 MPa,
the CO2 front is consumed by sorption on the hanging wall’s components during its upward
migration and does therefore not arrive at the top of the domain.
However, further experimental work is required to improve the accuracy of the presented models.
The implementation of an EOS to describe the competitive sorption of CO2 and H2O on solids
is important for this work, since an increased water saturation also reduces the CO2 sorption
capacity by occupying potential CO2 sorption places as discussed in Chapter 3.3.2 (Impact of
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Moisture Content). Additionally, an EOS for coal and clay mineral swelling due to CO2 sorption
has to be implemented, since swelling and therewith pore volume reduction has a notable impact
on absolute permeability. Furthermore, it was not possible to investigate a worked hanging wall
considering its permeability, porosity, initial water saturation and fracture content within the
scope of this work. These values are relevant for model accuracy due to their high impact on the
CO2 migration problem. Thus, these parameters were assumed based on information retrieved
from the German mining research and within this work. The involvement of data from the
analysis of drilling cores obtained from a worked hanging wall is necessary to ensure a sufficient
representation of the hanging wall parameters.
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The increase of anthropogenic CO2 emissions since the industrialization in the 18th century has
become a serious problem regarding the development of the world climate. Since energy produc-
tion from fossil fuels is known to contribute greatly to world-wide CO2 emissions and suitable
alternatives for energy production are not yet available, different approaches are being pursued
in order to reduce greenhouse gas emissions. These approaches involve the increase of power
generation efficiency and the capture and storage of CO2 accumulated by fossil fuel combustion.
Geological formations such as depleted oil and gas reservoirs, saline aquifers and other highly
porous and permeable media have come into focus as potential storage sites. Additionally, coal
mines have been investigated regarding CO2 storage within the last years, since gob areas and
cavities resulting from mining appear to offer high storage potentials.
Additionally, a serious problem occurring in mining regions world-wide is ground subsidence
originating from extensive mining operations. Settlement maxima up to 30 m were observed in
the densely populated German mining districts. Consequently, the enormous costs for subsidence
damage increase the costs of raw materials production. Furthermore, the phasing out of German
hard coal production scheduled for 2018 involves eternal costs for water management in the Ruhr
mining district. Here, about 90 Mm3 of mine water per year have to be pumped and processed
to prevent a flooding of large areas affected by subsidence.
In the scope of this work, stowage techniques originally implemented and tested by the German
mining research were further developed to provide additional CO2 storage capacities in gob
areas and cavities of coal mines. For that purpose three different technologies were introduced
depending on the mining techniques applied and the flooding state of the mine: the Simultaneous
Injection of CO2 and Mining Wastes relies on sorptive linkage of CO2 to fine grained mining
waste materials and their subsequent injection into gob areas of operating longwall workings.
Drag pipes mounted at the roof support shields are used for the injection of the CO2 mining
wastes suspension into the gob area and roadside packs seal the stowage area to avoid CO2
outgassing into adjacent drifts and workings. The Pre-Flooding Injection of CO2 and Mining
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Wastes can be applied in cavities originating from room and pillar mining. It relies on pneumatic
stowage of mining wastes followed by the injection of CO2 and its sorption on the solids. Finally,
the Post-Flooding Injection of CO2 and Mining Wastes is suitable for mine cavities which are
already flooded after the shutdown of mine water management. In this case a CO2 mining
wastes suspension is injected into the flooded cavities. The advantage of these technologies is
their contribution to subsidence mitigation and economic disposal of mining wastes as well as
the immobilization of CO2 at the storage site by sorptive linkage. Since a pressure release would
induce CO2 desorption from the mining wastes, a strategy to prevent lateral CO2 outgassing
from the stowed gob area was developed within this work. For this, a concept of alternating
injection of the CO2 mining wastes suspension and sealing packs using additional drag pipes
was implemented. However, CO2 could also migrate upward via the hanging wall into drifts
and workings located at lower depths above the storage site. This aspect was also investigated
within the scope of the numerical simulations. Based on experimental results and data retrieved
from the German mining industry, the CO2 storage capacities available in Germany in 2004 were
calculated to about 0.38 Mt CO2 per year for the application of the Simultaneous Injection of
CO2 and Mining Wastes technique.
Comprehensive analyses were conducted to characterize the mining wastes sampled at different
German coal processing plants. Geotechnical, mineralogical and petrological parameters were
determined additionally to laboratory CO2 sorption experiments. The latter revealed relatively
high CO2 sorption capacities of the mining wastes compared to residual coal (about 10 kg CO2/t
mining wastes from the Ibbenbu¨ren district). Since the organic matter content does not exceed
20 % for the examined samples, it is assumed that clay minerals are partly responsible for
the relatively high CO2 sorption capacity. The Langmuir (1918) parameters were fitted to the
experimental results and subsequently applied for the parametrization of the numerical models.
Furthermore, standard oedometer tests were conducted to investigate the mining wastes porosity
and dry density subsequent to the injection into a gob area at 1.0 MPa and to additionally
prepare samples for permeability and soil moisture retention tests. High-pressure oedometer
tests were conducted to investigate the settlement behavior of the mining wastes at in situ
conditions. The experiments show that an injection of these materials into the gob area at a
pressure of 1.0 MPa results in their relative settlement of 53.6 % corresponding to a remaining
total settlement potential of 22.7 %. The absolute permeability of the compacted mining waste
samples was determined to 2.42 · 10−12 m/s using tri-axial cells. Furthermore, the nitrogen
permeability of dried sample cores was examined to verify the permeability change after the
additional compaction from the settlement of the hanging wall. Here, the permeability was
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further decreased by nearly a magnitude at a confining pressure of 25 MPa. The water saturation
- capillary pressure and water saturation - relative gas and water permeability relationships
defined by van Genuchten (1980) were used to describe the relative permeabilities regarding the
mining wastes water saturation. Therefore, the experimental results are capable of sufficiently
describing the mining wastes properties within both numerical models.
The problems which may arise from the introduced stowage techniques are lateral and vertical
CO2 outgassing from the stowed gob area. These could involve an exceeding of the maximum
allowable CO2 concentration at the longwall face and have a negative impact on total storage
efficiency. Thus, a numerical method was applied to investigate lateral CO2 outgassing (CO2
outgassing problem) and its vertical migration through the hanging wall (CO2 migration prob-
lem). To this end two different models were used: a two-phase two-component model involving
the components H2O and CO2 and a two-phase three-component model originally comprising
the components H2O, CH4 and N2/O2 (air). Both models were extended by the implementa-
tion of the Langmuir (1918) equation to include CO2 ad- and desorption on mining wastes and
the hanging wall. The CH4 component of the two-phase three-component model was substi-
tuted with CO2 using the fluid properties already implemented in the two-phase two-component
model.
The CO2 outgassing problem was simulated with both models permitting a comparison of their
results to verify the implementation of the two-phase three-component model. An extensive
sensitivity analysis was conducted to determine the most influential parameters on CO2 out-
gassing rates. The injection pressure of the CO2 mining wastes suspension and their absolute
permeability show the highest impact on the development of CO2 mass balance in the modeling
domain. The CO2 outgassing rates for the investigated standard scenario were post-processed
using an analytical model based on longwall weathering data retrieved from the German mining
industry. The resulting temporal development of CO2 concentration indicated a nearly triple
overstepping of the maximum allowable CO2 concentration at the longwall face subsequent to
the injection for around 20 minutes. Therefore, the conceived alternating injection of the CO2
mining wastes suspension and sealing packs is necessary to prevent lateral CO2 outgassing and
therewith ensure a safe application of the discussed technology. The comparison benchmark of
both models shows a good consistency regarding the investigated parameters. Slight variations
considering the two-phase three-component model are mainly related to the additional air com-
ponent, which decreases the CO2 fraction in the gas phase of the domain and therewith the
CO2 mass adsorbed on mining wastes and dissolved in water. Furthermore, a slightly decreased
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outgassing rate was observed for the latter model, since the reduction of CO2 fraction in the gas
phase also effects the diffusion flux.
The vertical CO2 migration through the hanging wall is described by the CO2 migration prob-
lem. Within this model the air component was required for a proper description of the hanging
wall, which is neither saturated with CO2 nor water. Again, an extensive sensitivity analysis
was conducted, determining injection pressure and absolute permeability as the most influential
parameters of the upward migration. Thereby, two remarkable effects were observed: the re-
tarding effect of excess water pushed upwards from the stowed gob area by the pressurized gas
phase, and the significant influence of clayey components of the hanging wall on upward CO2
migration. While the retarding effect is related to the decrease of relative gas permeability by
the presence of excess pore water in the hanging wall, CO2 adsorption impedes the arrival of
the CO2 migration front at the uppermost observation point (top of domain). This is caused by
the relatively high CO2 sorption capacity of the clayey components of the hanging wall. Thus,
the total CO2 amount migrating upward subsequent to its desorption from the injected mining
wastes is adsorbed by the hanging wall.
Further research is necessary prior to a large-scale implementation of the discussed CO2 storage
techniques:
• A large-scale injection of the mining wastes suspension involving a subsequent core sam-
pling would provide reliable values for the most uncertain parameters such as the hanging
wall porosity, absolute permeability distribution and its water saturation - relative per-
meability relationships. Additionally, injection tests neglecting CO2 could provide further
data considering the distribution of water saturation as well as the porosity distribution
and its development with increasing overburden pressure.
• Large-scale injection tests are also required to determine the potentials for subsidence
mitigation and to parametrize the numerical models, since these potentials depend on
many other boundary conditions related to the geology of the study area.
• At this time an EOS to describe the competitive sorption of H2O and CO2 on solids is not
available. Its implementation would increase the model accuracy, since it is an essential
relationship impacting the CO2 mass adsorbed on the mining wastes and hanging wall.
• Furthermore, an EOS involving coal and clay mineral swelling as impact of CO2 adsorption
is not yet implemented. However, the swelling of the hanging wall would decrease its
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porosity and therewith also affect its absolute permeability. Additionally, CO2 adsorption
on caprocks has to be further investigated in detail.
• Since sorption experiments were conducted on pulverized samples only, the pore space
accessible by CO2 has to be determined for faultless rock formations considering their
properties and the in situ stress conditions.
• The residual gas saturations were assumed for the mining wastes and the hanging wall
within this work. Experimental investigations are required to provide verified values for
these parameters.
• Finally, the composition and dimensions of the roadside packs have to be properly deter-
mined to sufficiently seal the stowed gob area to avoid lateral CO2 outgassing.
This study discloses the general feasibility of the presented technologies for geological CO2
storage, subsidence mitigation and underground mining wastes disposal. Beside the experimental
methods for model parametrization introduced in Chapter 3, the numerical models described
in Chapter 4 can be applied for evaluation of coal seams and shales as geological storage and
sealing formations (CO2 injectivity, caprock integrity, long-term pressure distribution, etc.).
However, large-scale tests at selected study areas are necessary to improve the significance of
the introduced models.
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DIN 18121-1:1998-04
Soil, Investigation and testing - Water content: Determination by drying in oven
DIN 18122-1:1997-07
Soil, Investigation and testing - Consistency limits: Determination of liquid limit and plastic
limit
DIN 18123:1996-11
Soil, Investigation and testing - Determination of grain-size distribution
DIN 18124:1997-07
Soil, Investigation and testing - Determination of density of solid particles - capillary pycnometer
- wide mouth pycnometer
DIN 18127:1997-11
Soil, Investigation and testing - Proctor-test
DIN 18128:2002-12
Soil, Investigation and testing - Determination of ignition loss
DIN 18130-1:1998-05
Soil, Investigation and testing - Determination of the coefficient of water permeability - labora-
tory tests
DIN E 18135:1999-06
Soil, Investigation and testing - Oedometer consolidation test
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DIN 18137:1990-08
Soil, Investigation and testing - Determination of shear strength - concepts and general testing
conditions
DIN 51700:2003-02
Testing of solid fuels - Generalities and index of methods of test
DIN 51718:2002-06
Testing of solid fuels - Determination of the water content and the moisture of analysis sample
DIN 51719:1997-07
Testing of solid fuels - Solid mineral fuels - Determination of ash content
DIN 51720:2001-03
Testing of solid fuels - Determination of volatile matter content
DIN 51721:2001-08
Testing of solid fuels - Determination of carbon content and hydrogen content - Radmacher-
Hoverath method
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Figure B.1: X-ray diffractometry diagram for Ibbenbu¨ren district mining wastes (TOC = 9.55 %)
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Figure B.2: X-ray diffractometry diagram 1 for Ruhr district mining wastes (TOC = 18.43 %)
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Figure B.3: X-ray diffractometry diagram 2 for Ruhr district mining wastes (TOC = 18.43 %)
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Figure B.4: X-ray diffractometry diagram for Ibbenbu¨ren district flotation headings (TOC = 71.50 %)
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Figure B.5: X-ray diffractometry diagram for Ruhr district flotation headings (TOC = 70.20 %)
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Figure B.6: X-ray diffractometry diagram for Ibbenbu¨ren district run-of-mine coal (TOC = 52.50 %)
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Figure B.7: X-ray diffractometry diagram for Ruhr district run-of-mine coal (TOC = 50.70 %)
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Figure B.8: X-ray diffractometry diagram for Ruhr district medium volatile bituminous coal (TOC =
58.70 %)
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Figure B.9: X-ray diffractometry diagram for Ruhr district low volatile bituminous coal (TOC =
69.40 %)
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